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Sir: 

I, Chise Mukaidani, the undersigned, a citizen of Japan, residing at 6091-1 1, Misonou, 
Saijou-cho, Higashihiroshima-shi, Hiroshima, Japan, do hereby declare: 

1 . That I am an inventor of the above-identified application. 

2. That I graduated from Department of Biologym, Faculty of Science, Nara 
Women's University, Japan. 

3. That I currently work at PhoenixBio Co., Ltd (3-4-1 Kagamiyama, 
Higashihiroshima, Hiroshima 739-0024, Japan). 

4. That I published papers and was received awards as listed below. 
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5. That I have read the specification and claims of the above-identified application 
as well as the Reply filed May 17, 2007. I have also read the Office Actions, including the most 
recent dated August 10, 2007, which includes a rejection of claims 1, 7-10 and 16-18 under 35 
use 1 12, first paragraph, as not enabled. 

6. That in order to show that the claimed invention is enabled for proliferating 
human hepatocytes in immunodeficient hepatopathy mice, I have under my control and direction 
conducted the following experiment, the particulars and results of which are attached herewith. 

Experiment 

A. Animals 
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A chimeric moxise carrying proliferated human hepatocytes in the liver was prepared by 
transplanting human hepatocytes into the liver of an immimodeficient hepatopathy mouse, 
uPA(H-/-i-)/Rag2 knockout/yc knockout mouse (uPA/Rag2-KO/yc-KO mouse). 

Rag2-KO/YC-KO mouse (obtain from Taconic Inc. U.S.A.) is an immimodeficiency 
mouse not having B cells and T cells due to knockout of Rag2 gene. Further, the mouse has no 
NK activity because IL-2 receptor y chain is knocked out. 

The uPA/Rag2-KO/yc-KO mice were obtained by mating a uPA(+/+)/SCID male mouse 
(Example 1 of this application) and a Rag2-KO/yc-KO female mouse. 

B. Transplantation of human hepatocytes into the uPA/RagZ-KO/yc-KO mouse 

The uPA/Rag2-KO/yc-KO mouse, from 21 to 48 days old, was anesthetized by ether and 
incised about 5 mm at the flank, and then, 20 ^il of cell suspension with concentration from 5 x 
10^ cells/ml (10x10^ cells in total) was inoculated from a spleen head, and then stanched. As a 
hemostatic agent, 40 ^1 of an e-aminocaproic acid (SIGMA) solution (0.02 g/ml) was 
administered into the abdominal cavity, and then, after the spleen was returned to the abdominal 
cavity, the flank was sewed up. 

After the surgeiy for transplanting human hepatocytes, the chimeric mouse was 
administered with Futhan in accordance with the schedule shown in Example 1 of this 
application. 

C. Monitoring of human albumin in mouse blood 

From 3 weeks after transplantation of human hepatocytes, 2 jxl blood samples were taken 
from the tail of the chimeric mouse once per a week, and concentration of human albimiin was 
measured. 

Increased concentration of human albimmi in blood was observed in all 11 mice (Fig. A). 
The highest value was over 14 mg/ml. 
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D. Induction of P450 isozymes in a liver of the chimeric mouse 

Inducers for P450 isozymes were administered to the chimeric mouse and expression 
levels of each isozymes (mRNA and protein) were measured. 

The chimeric mice, at 74 days after transplantation of human hepatocytes (concentration 
of human albumin was 4-15 mg/ml), were administered with Rifampicin (an inducer for 
CYP3A4) or 3-methylcholanthrene (3-MC; an inducer for CYPlAl and CYP1A2). Rifampicm 
(50 mg/kg body weight) and 3-MC (20 nig/kg body weight) were administered intraperitoneally 
once per day for 4 days, respectively. As a control, uPA/SCID mouse (Example 1 of this 
application) was administered with Rifampicin. 

After administration of the inducer, total RNA was isolated from a part of the liver of the 
chimeric mouse, and then expression level of mRNA for human P450 isozymes (CYPl Al, 
CYP1A2, CYP2C9, CYP2C19, CYP2D6 and CYP3A4) was assayed by real-time RT-PCR 
method. In addition, microsome was isolated from the other part of the liver and protein amount 
of CYP1A2 and CYP3A4 was measured by westem blotting using a specific antibody for each 
protein. 

The results are shown in Fig. B. The expression level of human CYPl Al and CYPl A2 
in the 3-MC-administered chimeric mice was about 4.9 and 3.5 times higher respectively, 
compared with non-administered mice. The expression level of human CYP3 A4 in the 
Rifampicin-administered mice was 3.7 times higher compared with the non-administered mice. 
Furthermore, it should be noted that the Rifampisin-induction for CYP3 A4 in 
uPA/Rag2-KO/7C-KO mouse was equivalent to that in uPA/SCID mouse. 

Regarding to expression amoxmt of each CYP protein, same results were obtained as 
mRNA expression level (data not shown). 

E. Replacement of human hepatocytes in the chimeric mouse 

Frozen sections of each lobe of the liver were prepared, followed by reacting with human 
specific cytokeratin 8/18 antibody and staining by peroxidase as Example 1 (2.6). With respect 
to each lobe of the liver, ratio of cytokeratin 8/18 positive areas in the total section area was 
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calculated. 

Results are shown in Fig. C. In the chimeric mouse derived from uPA/Rag2-KO/Yc-KO 
mouse, the human albumin value was conrelated with replacement ratio of human hepatocytes. 

Figures A, B and C, which are discussed above, are attached to this DeclaratioiL 

Conclusion 

Based on the above noted experiment, as well as page 5, lines 3-12, and page 17, line 19 
to page 20, line 1 8, it is my expert opinion and belief that the claimed invention is enabled for 
proliferating human hepatocytes in immunodeficient hepatopathy mice. In particular, the above 
experiment and noted specification disclosure, as well as the knowledge in the art, indicate that 
immunodeficient hepatopathy mice may be utilized in the claimed invention without undue 
experimentation. 
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I further declare that all statements made herein of my own knowledge are true and all 
statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful false statements may jeopardize the validity of this application or any 
patent issuing fhereon. 

Date : -^iex^ / , >ooT 



Chise MUKAIDANI 



WMCAVRS/lq 

Washington, D.C. 20006-1021 
Telephone (202) 721-8200 
Facsimile (202) 721-8250 
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dummary 

Spontaneous intestinal and Intra-abdominal bleeding 
was observed in a high percentage of newborn trans- 
genic mice carrying tho murine uroiunase'type plas- 
mfnogen activator (uPA) gene linked to the allnimin 
enhancer/promoter. These hemorrhagic events were 
directly related to transgene expression in the Hver 
and the development of high plasma uPA levels. IWo 
lines were established from surviving founder mice 
that displayed multlgeneratlonal transmission of the 
bleeding phenotype. Fatal hemorrhaging developed 
l>etween 3 and 84 hr after birth In about half of the 
transgenic offspring of these lines; transgenic pups 
that did not bleed nevertheless passed the phenotype 
to thelr'young. The phenotypic variability coutd not be 
explained by differences in transgene expression. All 
transgenic neonates were severely hypofibrlnogenem- 
Ic and displayed loss of clotting function that extend- 
ed beyond the risk period for bleeding. Theee mice 
provide a means of studying the pathophysiology of 
plasminogen hyperactlvatlon and evaluating therapeu* 
tic protocols designed to prevent bleeding. 

Introduction 

Hemostasia is maintained by an Integrated system that 
promotes the formation and dissolution of fibrin. Loss of 
vascular Integrity normally Initiates a two-phase response 
Involving platelet plug formation followed by coagulation 
factor-mediated deposition of a stable fibrin clot. Once 
vascular repair is completed, the fibrinolytic system re- 
moves the fibrin clot. Fibrinolysis Is controlled In part by 
the conversion of plasminogen to the acthre serine pro- 
tease, plasmln. by plasminogen activator (Collen and Lii- 
nan. 19B7). This process Is also regulated by dpeciflc and 
fast-acting serine protease Inhibitors, which Include a2- 
antlplasmin (a2-AP) and plasminogen activator inhibitors 
(Collen and Lynen^ I9fi7: Saksela and Rifkin, 19BB). Two 
plasminogen activators, tissue-type plasminogen activa* 
tor (tPA) and unokinase-type plasminogen activator (uPA). 



have been identified In the plasma of mammals. These 
enzymes have distinct domain architecture and biochemi* 
cal properties and are encoded t>y different genes located 
on separate chromosomes (CoUen and Lijnen, 1957: Sak- 
sela and RifKin, 19ea: Dan^ et at.. 19B5). While plasma 
concentrations of both are similar. tPA is wklety consid- 
ered the more important in physiologic fibrinolysis. This 
view is supported ty the unique fibrin binding property of 
tPA. which both enhances the efficiency of plasminogen 
activation and permits formation of pidsmin diractly on the 
fibrin substrate (Collen and Lijnen. 1967). The role of uPA 
in physiologic fibrinolysis is unknown. 

Defects in the fibrinolytic system are known to produce 
hemorrhagic and thrombotic disorders. Congenital condi* 
tions include deficiency of a2-AP (Aokl et al.. 1979, 1980: 
Miles et St.. 1982). dysfunctional a2-AP (Kluft et al.. 1987), 
dysplasmlnogenemias (Aoki et al.» 1978; Kazama et al., 
1981). plasminogen deficiency (Gtrolami et al.. 1986; Lx)l* 
tenberg et al.. 1985). and increased plasminogen activator 
activity (Booth et al.» 1983; Aznar et al., 1984). Acquired 
disorder^ are more common and have been described in 
association with hepatic cirrhosis (Das and Cash, 1989), 
amyloidosis (Sane et al., 1989). acute leukemlas (Imaoka 
et .el.. 1986; Gralnick and Abrell. 1973: Vian Slyck et al., 
1969). solid tunr>ors (Tagnon. 1952. PellmBn et al.. I9i86). 
and the use of thrombolytic therapy (N^arder and Sherry. 
1988; Rao. 1988). Despite potential bleeding compUca* 
tlons. the administration of plasminogen activators has 
become an attractive strategy in the treatment of throm- 
botic disorders Including myocardial infarction. While some 
of the bleeding problems observed with this therapy ap- 
pear related to catheterization procedures, spontaneous 
bleeding from remote sites (e.g., the gastrointestinal tract) 
has been noted (Rao, 1988). 

Because of the intricacies of the coagulation and fi- 
brinolytic pathways^ a complete understanding of these 
systems may be dif ficuit to achieve using in vitro or short- 
term In vtvo studies. Genetic manipulation of the coagula- 
tion and fibrinolytic systems in transgenic mice provides 
a promising new experimental approach to study hemo- 
stasis. In this study, we havo applied this approach to ex- 
plore the effects of elevated plasma plasminogen activBtor 
levels, in particular, we Investigated whether enhanced 
plasminogen ectlvatloii would result in spontaneous hem* 
orrhage. and. If so. what biochemical consequences con- 
tribute to the bleeding diathesis. 

Results 

Transgenic mice with elevated plasma uPA levels were 
generated using a construct that targets uPA production 
to the hepatocyte. This chimeric gene (All>-uPA) consiets 
of the albumin enhancer/promoter, the murine uPA gene 
body» and the 3' untranslated and flanking sequences of 
the human growth hormone (hGH) gene, which were In- 
corporated to provide a means to distinguish transgene- 
derived from endogenous mRNA (see Figure 1). Injection 
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Figure *»- Map of Iho AiU-uPA Transgen9 
Th0 AI!>«HJPA construct cwilaiited Ihe following 
mafof elements: a 23 kb Klhol-BamH^'frag- 
meni of the piasmid EB-Oaib^GK ipirSjerl 
ai., i9eT) containing Ihc rr»U»"lno albumia ©n. 
hanCdtf promoter and 22 nuClOOtlde? oJ eron 1; 
a portion of IhB niur*»no uPA gano (Ffieznor- 
Degsn al.. 198[0 eaibanding from 5* noncod- 
Ing 9e^V9ncoB' in coon 1 (position -•-43) to 3' 
noncoding jeouencps in exon ii (position 
1-5753); and 9 a6 kb STnaJ-EtoRi fragment of 



the hGH g9n9 conlainin^ 100 nucIooUdoe of hGH 3* noncodlng wuencos and the hGH polyaderrylation sita. Tho componems w©r$ jomod using 
Oligongcleolide linters as doscrlDed \n ExperimamBl Procoduros. The exon sequancea derivod from Ifie a«t>umin. uPA. and hGH geno are iruf icaM 
by th© hortronmf croe^hatchod. tltlod-m, ano diagonally cross-haiched regional rospeciivBly Th» 3'-n«iikif ig sequences of the hGH gene aw euppled. 
Tho 8«wn5 of the composite gono are numbered iio ii with iho iranwlpllon initiation aita indicawO wfm an arrow. Biusscripl (Suetag^no) vBcinr 
5oquonc06 af9 indicated by ihin iin©s. For Umpiidty. resinaion ondonudoase cleavage »tee wiihm iha fully seoooncod uPA (Friesnvr^gon ot 
al.. ^9&n and hGH (Soeburg, tgez) gan© ofamanU hava not been indicated: solected *ilc$ found el the linker juncUons are shown. Restriclion en- 
dortUcleasB deevage sites lort during eubdoning ere showr* in paremhesee. 



of Ih© All>-uPA construct Jnio fertilized mouse eggs re- 
sulted in a total of 1&3 mJco. of whicfi 56 carried one or 
more copies of the transgene. 

Hepatic Expression of uPA Caueee 
Neonatal Bleeding 

During the 2 days tollowing birth, 17 Alb-oPA founder 
mice developed internal bleeding (see Figure 2); each 
was subsequently confirmed to carry the uPA transgene. 
Bleeding Into intestine (13 mice) or abdominal cevity (4 
mice) was first detectable between 3 and 52 hr after birth. 
Mice subsequently became icteric and then died within 10 
hr (plasma bilirubin in htvo affected animals was 5.7 and 
12.9 mg/dl. compared wHh az-1.2 mg/dl in nomransgenic 
mice). From these observalions, two findings stand out; 
no mice displayed any sign of bleeding during or shortly 
after birth, and by 9 days postpartum all susceptible mice 
had died. 

To explore the relationship between bleeding and uPA 
transgene expression, tissue and plasma samples were 
collected from affected and age-matched control mice 
and examined for transgene products. As shown In Tabie 
1. transgene mRNA levels in the livers of affected neo- 
nates were as high as 6500 molecules per cell (compared 
with <10 for endogenous uPA). In addition, liver plasmino- 
gen mRNA was equally abundant In transgenic and non- 
transgenic mice, indicating the absence of any general 
Impairment of liver-specific mRNA production in Ihe trans- 
genic animals (Table 1). Samples of lung, kidney, and In- 
testine from seven affected mice were also analyzed for 
transgene mRNA. All Intestinal samples were negative, 
and few transgene-derlved transcripts were detected in 
any of the remaining samples with the exception of one 
mouse exhibiting 240 molecules per cell in the lung (data 
not shown). 

The relative uPA levels in plasma were measured with 
a simple zymography assay, in this system, plasma pro* 
teina are electrophoreticaliy fractionated on nonreducing 
SbS-polyacrylamide gels containing both plasminogen 
and casein. When renatured. the separated plasminogen 
activators catalyze localized plasmlnogen-dependent ca- 
selnolysls detected as ''lytic zonesT in amido black-stained 
gels. The method provides both a comparative analysis of 



plasminogen activator levels and Information regarding 
the size of the plasminogen activators present. Plasma 
uPA concentration was extremely high In transgenic mice 
and nearly undetectable In control neonates (Figure 3A): 
assay of serially diluted plasma from animal ig42-l shewed 
uPA activity to be approximately 200 times that of control 
plasma (Figure 3B). Tb compare the levels of plasma plas- 
minogen activator activity in individual mice, the amount 
of caseinolytic activity in a standard amount of plasma 
was arbitrarily assigned a value of (control) to •♦'^'•'4- 
(transgenic mouse 1942-1), As summarized in Table 1. 
plasma uPA activity appeared to be related to the level of 
hepatic transgene mRNA. In all transgenic mice exam- 
ined, the majority of the plasma plasminogen activator 




Figure 2. Gross Appearance of Live Alb-uPA Transgenic Founder 
Dl3pla(ytng the Blooding Phvnolype 

Tho transgonic m0u5e (top) le icteric or>d contains blood In its intaatine 
(darts patch m iho caudel abdomen indicated Ijy bttowb). Mine H pres- 
ent m Ihe stomach or tioib mice. The transgenic. mouse is an albino, 
and ihus iaek» retinal plgfner^t- 
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Tatrfe EvpreesiOfi ot uM Trsnsgene in FouAOer Mice 
plsplaytng the BIwdiny Phenoiype 
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a uPA mRNA and plB3'pinogBn mRNA Icvpls were 9GlabliShed Dy so- 
lution hybrldtzation assay using apnciric cDNA pro&es: bg9 Ex pop men- 
(el Procodures ^or details. 
' ^ uPA levels in plasma were estsbliahod by zymogrepHy assay (see 
text and Experimental Procedures lor details). The relattve uPA activi- 
ty obssrvad in each aample was assigned a vdluo ranging from 
4^ (octMty obsenred in ptoBma collected ftom transgenic (oundar 
1 942*1 ; ROB Figure 3) to * (ecttvity observed m plasma coHectoO from 
nonuan»9enlc control animals; see Figure 3). The values assigned 
were not linearly related to attivily. 
* ND. nd Oelenninod. 
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had a molocuiar wBighi of approximaiely 45,000, which Is 
similar to the size of mature murinB uPA. A set pi threo 
bands was cpnsidtenti/ observed in the range of 40.000 
to 45.000 daltond. and samples containing the highest to- 
tal activity displayed an additional band with apparent mo* 
lecular weight of 30.000. Urine sampled (a rich source of 
uPA) from control mice contained similar bands of activity, 
suggesting that these species arise from uPA and its pro- 
teolytic derivatives and that the 30.000 molecular weight 
species is the plasmin degradation product termed low 
molecular weight urokinase. Covalent complexes of uPA 
with inhtbltor(s) may account for at least part of the hetero- 
geneous high molecular weight activity noted on gels. 



Figuro 3. Zynogrsphic Analysis ot Plasma Plasminogen Aoivaior 
Levels In Alb-uPA Mice 

CA) Plasminogen activator activity in electrophorBticaily fractionated 
piosma samples (i uD collected trom ai>*uPA transgenic r>90ndtes 
displaying bleeding phenotype (i940>2. 1942>1. 19^2-2) and control 
mice (con 1 and con 2). ^or a detailed deecripUon or the zymographic 
detealon oi plasminogen dclivatprs. see text and Experimer^ Prooe^ 
duros. For the purpose of comparison, tne plasminogen activator lev* 
eb ifV control. i040>2. arvd 1942*1 plains SQrnpias were designed on 
arbitrary vaioe of 4^4.4., and ••><»>4>4>. respectively (tor summary see 
liable 1). The relative migrailon of tnivina serum albumin HBBJOC^^ oval- 
burnln (dSuoop), and carbonic anhydraae (29J0OCI} molecular weight 
standards Is indicsrad at lefi. 

(B) plasminogen activator activHy in serially diluted plasma collected 
Inom transgenic mouse I9a2-1 penes 1-9: plosma ^ume indicBied 
alx9V9 each lane). 



IWp Established H^ansgenlc Lines Display 
Multlgeneralional Transmission 
of the Bleeding Phenotype 

Thlrty-ning of 56 Alb->uPA transgenic founder animals did 
not bleed, and three of these died oi unknown causes as 
neonates. A sample of liver was obtained by partial hepa- 
tectomy from each of the remaining 36 mice at 4 weeks 
of age and examined for transgene expression. Only 2 of 
the 38 samples contained transgene^derived rnRNA* but 
at near-background levels for the assay (i0-?0 molecules 
per celt). Nevertheless, these mice, designated 1353-8 and 
1944-S, were bred, and their offspring were analyzed for 
the transgene. Three of 33 1353-8 offspring and 12 of 46 
1944-6 offspring analyzed at weaning inherited the trans- 
gene, consistent with germline mosaicism in txith founder 
mice. However, occasional newborn offspring of each par> 
ent developed abdominal or intestinal bleeding and sub- 
sequently died. When surviving offspring of these founder 



mice were bred and the litters weened, only 29 of 122 
(1353-8) and 10 of 61 (1944-Q second to fburth generation 
offspring carried the transgene. The deviation from the ex- 
pected 50% transgene transmission ratio was a conse- 
quence of the bleeding and death of approximately one- 
half (1353-6) or two-thirds (1944-6) of all transgene-positlve 
mice. Like the founder Atb-uPA mice that bled aa neo- 
nates, affected line 1353-0 and 1944*6 offspring appeared 
normal at birth but then developed fatal l>emorrheglng 
into the abdominal cavity or intestinal tract betv^en 3 and 
84 hr postpartum. Transgenic mice that survived beyond 
4 days did not bleed, but nevertheless passed the neona- 
tal bleedir^ phenotype to olfspring. 

To characterize the biochemistry of bleeding in these 
lines, transgene expression and plasma uPA levels were 
measured. Liver and plasma samples were collected from 
mice ranging in age from fetal day 18 (2 days before birth) 
to postnatal day 10. Liver samples were subsequently 
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Tabid 2- A/iatysi*s erf Peri»iaial Alb-uPA Mice liom Established Linos 



Age (L>f»e)* 


NtO. MiCO 


Appearance 




4 


norniat 


id.i$ (cQsim) 


1 


normal 


d.1-? (135«) 


10 


abdominal bleed 




11 


normal 


If. 1-2 (1944^) 


2 


Gl/Bbdommal bleod 




2 


normal 


d.i-? (cdntroo 


2 


mKmal 


d,4-5 (1353-B) 


3 


normal 




1 


rx>rm8t 


d.« (controf) 


2 


normal 


(13S3-8) 


10 


normal 


d.B-10 (control) 


2 


normal 



Uver mRNA (MolOCuK^sA^ori)* 



Wasmiftopen 



1400 :r 100 
OP 

90D ± 280 
600 A 210 
870 * 340 

Wo ± 300 

<10 

480 300 
aSO 
<10 



250 A GO 
200 

470 * 130 
270 ± 50 
240 ± 00 

4tO X dO 

eao ± 50 

ND 

390^ leo 



Plasma oPa 
(Relallve Leve^^ 



+ + 

+ + + 
ND 

^ 4' 4- 4- 



440 ± 170 NP + + 

<10 NP + 

• fd.l8 = tolaf day ie (ca. 24-48 hr belom nrpacied Wrth); d = day after birtn ~ 

'wlS'uptil^l^t^p^^^ kymography E.p^m,nui. P,«^u.«). Hfohee, reUuive uPA aclMty * «xp™»ed =b * * ^ * ano 
^ ND. not defermifiad. 



analyzed for trandgene-dsrivecf uPA mRNA and plasmino- 
gon mRNA levels, and plasma samples were analyzed for 
plasminogen aofivatDr aamty (Table 2). Abundant trans- 
Qsna mRNA was present in the livers of all transgenic off- 
spring, generally \r% excess of the endogenous plasmino- 
gen mRNA levels. The transgene mRNA levels wor© 
generally greater in fetal than postnatal mice, yet fetal 



<>Mr^ Mou.QeUnel3g3>8 

CdD (da) (IIB) (di) (dl) <dZ> rd4> (<tl2) rdliS) (dZJ) 

1 2 3 4 5 6 7 6 9 10 




68- 



43- 



29- 



Flgura 4. Pfaema Plaamlnoeon Actrvalor Levels Oecm$e Aa a Funo- 
lion of Age In Alb^uPA Mice 

ZymograpWc analysis of prasma (OS ul) plasminogen acitvetor levels 
In comrol (lanes 1 and 2) and line 1353W5 tranegoniq mfce (lanos 3^10) 
ranging In age from Mai day 10 to postnatal day 2i. Plasma sample 
analyzed in lone 5 was collected Irom a transgenic mouse displaying 
• the bleeding phenotypo; alt other mice appeared giosRiy normal. Un© 
1, day 1 eoDtml; lane 2. day Z\ conln>l: lane a fetal day 18; lane 4, day 
i; lane & day 1; lane a day 2: lane 7. day 4; lane 8. day 12; tone a day 
18; lane ia day ?1. 



animals never displayed a bleeding phenotype and there 
was no indicatlor) of fetal loss of transgenic animals. Sur- 
prisingly, the iranegene mRNA levels in hemorrhaging 
and nonhemorrhaglng day 1 and day 2 neonates were not 
significantly different, and these levels were occasionally 
less lhan those in mice greater than 4 days old, whicfi 
never bleed. These results argue that the phenotypic 
difference in transgenic neonates Is not simply due to var'H 
ation in transgene expression. 

Petal and neonatal transgenic mice also had uniformly 
high plasma plasminogen activator activity as detected Ijy 
zymography (Table 2). Analysis of serially diluted plasma 
collected from a i-day-okf line 1353-8 neonate showed 
that the uPA level was about ido Umes that of an age- 
matched control (data not shown). Like hepatic uPA 
mRNA. plasma uPA levels were highest In fetal animals 
and decreased with age (see represenlalN^ results In Fig- 
ure 4 and Summary in Table 2). However, variations In 
plasma uPA levels in day i and day 2 neonates did not dis- 
tinguish behfveen the bleeding and nonbleedlng animals. 

Alb-uPA Mice Are Hypofibrinogenemlc 
The physiological basis of the bleeding phenotype in 
Alb-uPA transgenic mice was also investigated. Platelets 
are one of the first responsive elements to bleeding, and 
variability in platelet number could explain why only some 
transgenic animals bleed. To examine this possibility, 
platelets were counted in whoie-biood samples collected 
from both affected and unaffected line 1353-8 mice at 2 
days of age. Among nontransgenic. age-matched mice 
the mean platelet count was 610 ± 90 x 10=>/pl (n » ei 
range 500 x 10^10740 x 10»). Bleeding transgenic mice 
had a mean platelet count of 800 ± 280 x ^(fi!)l\ (n r= 
4, range 460 x 10^ to 1100 x 10^). Two transgenic mice 
that were not bleeding had counts of 1000 x 10^ and 
2400 X lO^/uL Platelet numbers in both groups of trans- 
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T^ie 3. T^rombln-M©dlatea CtotUng TImw of Whole Blood 
CoRected from i-DayOid Control and tine 1363-a 
Traneggnfe Mic9 



M0u«9 


DNA Sialud<> 


Appeorantd 


Olotttng rmo^ 


16>2i 




normsl 


17 b 


18-22 




Gl/abdomipal Use 


td >30 win 






Inmtlnal bleed 


>90iiitn 




+ 


IniBBtlnBl bleed 


>30 min 






Iniostlnaf bleed 


>3Qmin 


18-26 




ndrmel 


>30 rptn 


ie-27 




nonfiel 


IbB 


le^B 




nonnel 


14 9 


18-29 




normal 


15 9 


IB^D 




normal 


>30 miri 


18^1 




normal 


11 S 


1^32 






>90 win 



* PrBBence of uPA transgene wee eelablishBd by dot blol analyBiB of 
lan DMA. 

^ Whoie-Dtood thrombin time; clotting time? were measured wrth a 
siopwatcK foUowing addition of exceee thrombin ae described in Ex- 
perimental Procedures. 



gentc animals were sHohtly increased relative to the con- 
trols, so platelet deficiency does not cause the bleeding 
phenotype. 

To characiBrize clotting functiori In transgenic mice, we 
initially measured spomaneous clotting time. Whole t>lood 
from newborri nontransgenic mica placed on a glass slide 
at room temperature spontaneously clotted In 2 min. HoW' 
ever, blood collected from line 1353^ and 1944-6 neo- 
nates uniformly faHed to clot even after 30 min (data not 
shown). We next determined thrombln-mediaied clotting 
times. Because thrombin directly converts f Ibrlrtogen to fi- 
brin, thrombin times provide a functional assay of blood 
fibrinogen. A prolonged thrombin timo Indicates either de* 
craasad fibrinogen or the presence of anticoagulants 
such as fibnn(ogen} degradation products. Whole-blood 
samples obtained from l*ddy-old line 1353*8 littermates 
were mixed with excess thrombin on glass slides, and the 
clotting, time was measured. A plasmin inhibitor, ^amino* 
rhcaproic acid, was includod in assay mixtures to limit 
plasmtn degradation of newly formed clots. The results 
(Ibble 3) Indicate that blood collected from t^oth bleeding 
and nonbleeding transgenic mice uniformly failed to clot 
even after extended Incubation p>30 mIn). whereas non- 
transgenic littermates had clotting times of less than 20 6. 
To examine the possibility that absence of thrombin- 
mediated dot formation was a consequence of anticoagu- 
lant activity (e.g*. flbrin(ogen} degradation products) rather 
than low fibrinogen, thrombin times were measured in 1:1 
mixtures of blood Irom transgenic and control animals. 
Failure of mixed blood thrombin timea to normalize Indi- 
cates the presence of anticoagulants, aince thrombin times 
are normal in blood with half-normal fibrinogen concentra- 
tion. The thrombin times obtained In mixtures of trans- 
genic and nontransgenic blood resembled control mouse 
values, indicating that clotting dysfunction was due, at 
least in part, to hypoflbrlnogenemla. 

Because mice over 4 days of age do not hemorrhage, 
we determined thrombin clotting time in older animals to 
ascertain If they displayed restored clotting function. Throm- 



bin times were measured for mice ranging in age from fe- 
tal day ia lo postnatal day 21 (Table 4). Remarfcably* the 
absence of dotting function extended many days beyond 
the neonatal period in which animals display the bleeding 
phenotype. These results indicate that the dedine in 
plasma plasmlnogan adivator levels observed during the 
first days after birth is insuffident to restore dotting func- 
tion. Some recovery of clotting func6on noay develop after 
1-^ weeks, as is suggested by the appearance of very 
loose clots In blood from single B- and iS-day-old trans* 
genie mica However. It was not until mice reached Zl days 
of age that thrombin reprodudbly Induced dot formation* 
Thus» while the loss of dotting function likely predisposes 
animals to hemorrhaget this is apparently Insufficient to 
causa the kileeding phenotypa. 

Because the functional assay Indicated a deficit of 
plasma fibrinogen, fibrinogen mRNA and protein levels 
were examined in line 1353-8 mice. Total RMA extrads 
from the livers of transgenic and control neonates were 
analyzed tiy Northarn blot hybridization using rat f Ibrlno- 
gen cDNA probes spedfic for the Ao BP» arid r chain 
mRNA species. Tnansgenic and age-matched control mice 
possessed similar mRIMA levels for all three chains (Fig- 
ure 5). indicating that hypofibrinogenemia in transgan* 
ic mica does not result from a decline in fibrinogen mRNA. 
Plasma fit>rinogen was measured by VVtotern fcrtot anal> 
ysis (Figure 6). Wfide blood was analyzed to reduce 
sample handling time and decrease arlifactual losses in 
vitro. Rabbit antiserum raised against rat fibrinogen was 
used to delect fibrinogen and fibrinogen-relaled antigen. 
The pattern of staining observed with control adult mouse 



Table 4. Age-Oopendent Thrombin-Medlated Clotting Timee 
In Line 1363^ Transgenic Mice 



Age (Dayii) 


No.* 


Appoarance 


Clotting Tim'e^ 


Fetalis 


3 


normal 


>30 rpln 


Fetal 19 


4 . 


normal 


>30 min 


1 


a 


bleeding 


>30 min 




8 


normal 


>ao mm 




1 


bleeding 


>dO min 




9 


normal 


>3P min 


7-8 


S 


normal 


>30 min 




1 


normal 


5-10 rnln* 


10 




normal 


>S0 min 


12 


1 


normgl 


>30 min 


14 


4 


normal 


>30 min 


ie 


2 


normal 


>30 m*n 




1 


nwmal 


10- IS minc 


IB 


4 


normal 


>SQ rr«ln 


21 


2 


rarmal 


20, 23 8« 



* Total number of mice analysed. 

^ Whole*blood thrombin ttmo; dotting Umes wore measured wah a 
etopwfilch follDwinB addition of OKCOfia ttirombin ds described under 
ExpermiBnIaJ Procoduros. Clotting limBS in nonlransgeoic llttermate 
control mice were measured at each age and ranged Irom 30 a In fe- 
tuses (n - ^ to 5*20 s in 1- lo'zi<day^ mice (n • OS). 
^ Loose dole with fibrin tagB. 
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I23d$ 12345 12345 




FigtiTB & Northern Blot Analysis Of PlOrlnogen mRNA 
. ibtel RNA Bxtracte from the Hvors Of ccmtfoi and lino i359»a irafisgenic 
mice were eubjected to denaiurinB aoaroso qoI oloctrophorosis CtZ ug 
per lane), transited to nUrocenutoee^ and hybridized to ^-labOcd 
com probes pmplemeniary io rat Art (leriX dp (rniddieX end y (riphc) 
fibr i n o gen mRNA. Lanes 1. nonlransgenic dey ? neonate; tanea 2. 
irensgenlc day 2 neonate nol dtsplaytno blooding phonotypo; lanes 3» 
transgenic day Z neonate dlspleying bleedino phenolypv: lenos 4. non- 
transgenic day a neonate: lanes 9» trenagenic day 6 neonaie. The reie* 
five poatiior^ or the 2BS and IBS rtbceomai RNAb ere indiceted. 

plasma was similar to that sBon with purif ied rat fi|>nno- 
pen. Three ma|or bands were resolved that correspoiid to 
the Known sizes of the Aa, DP, and y chains of fibrinogen. 
The BP chain stained most heavliy* suggesting thai the 
most avid or atnjndant antibodies In the antiserum are 
specific for the Bp chain. The fibrinogen chains were eas- 
ily detected in blood from nontransgenic 2*day-otd neo- 
nates, whereas little staining was observed in equal vol* 
umes of blood collected from transgenic neonates. We 
estimate that fibrinogen levels in these animals %vere ICH^ 
20% of control values. Fibrinogen levels in bleeding ani- 
mals were not apprecialjly different from those In nonbleed- 
Ing, 3-day^ld transgenic neonates. By day 6. the level of 
fibrinogen in transgenic mouse blood was about 90% of 
the level observed In a control day 0 mouse. This is consis- 
tent with earlier observations that as transgenic mice age» 
the plasma level of plasminogen activator declines and 
clotting function Is slowly restored. 



Discussion 

Severe neonatal bleeding occurs with a high frequency in 
transgenic mice in which uPA gene expression is targeted 
to liver. Hepalocyte-speclfic uPA production results in 
elevated circulating uPA» fll>rlnogen depletion, and neo- 
natal death in most mice that express the transgene. The 
commonly identified sites of bleeding in these mice are 
the abdominal cavity and the intestinal tract. Abdominal 
cavity bleeding may be secondary to perforation of an in- 
testinal Intramural hematoma or splenic rupture. While the 
reason for gastrointestinal tract involvement Is uncertain, 
it is not due to local tissue transgene expression. Interest- 
ingly, similar episodes of gastrointestinal or intra-abdom- 
inal bleeding are frequentfy observed In human newborns 
with vitamin K deficiency (Oski, 1 962) as well as In patients 
with hemophilia (Baehner and Strauss, 1986), von Wllle- 
brands disease (Eictietberger and Randolph, 1086). throm- 
l>ocytopenia (Eichelberger and Randolph. 1986), a2-AP 
deficiency (Kordich et al., 1985), and undergoing thrombo- 
lytic therapy (Raa 1986). Thus, the gastrointestinal sys- 
tem appeard profoundly vulnerable to disorders in the fi> 
brinolytic and coagulation systems, and this sensitivity Is 
reproduced In transgenic mica 

Two lines of Alb-uPA mice have been established in 
which alxnit half of the transgenic offspring develop fatal 
bleeding. Bleeding always occurs during a 4 day window 
after birtn; no animals experience a hemorrhagic event af- 
ter this period even though their clotting times ^cceed 30 
min. The Incomplete penetrance of the bleeding pheno- 
type in the two transgenic lines raises the question of what 
factors might contribute to the onset of tTleeding. The vari- 
able occurrence of bleeding cannot t^e explained by quan- 
titative differences in transgene expression or plasma 
plasminogen activator activity, since these parameters ap- 
peared relat'n^iy uniform in animals of any given age Ir- 
respective of phenotype. However, an age-dependent drop 
in transgene expression and plasma uPA levels and sub* 
sequent restoration of clotting function may partly explain 




Figure a Wastern Blot Analysis off Whole- 
Blood Fibnnogen in Transg^nte Naonales 
Whole-blood sampfes cotlected from 1353-9 
lineage tran^yenlc mica end control mice fi«ro 
subjtctad to SDS^polyacrylamide gel elec> 
iTOphoresis. Fibrinooen was deieeied ustng a 
rabbU amieerum relsed egainai ret fibrinogen 
using a Western blol procedure described m 
Exporimontai Procedures. Samples containing 
0JD2 III, 0^4 i*l, end OJDB iii of whole Wood were 
analyzed sintulianeously for each mouee ex- 
eminsd. t.enes 1-3. nontransgenic day 2 neo- 
naie; lenee 4-Gw trenogenic dey 2 neonate with 
no apparent hemorrhaging; lanea 7-9, trane- 
gonie day Z neonate whh hemorrhaging Into 



the gaelrointestJnBl trad: Isnos 10-12 tr3n$>> 
gentc day 2 naonaia with hanwrhaging Into the abdominal cavity: lanes 13-15. nomrensgenic day S neonate; lanas iS-lB, tranagente day 6 neonaie; 
lane a no sample applied: lane is. 0,04 ui of plasma collected »rom nonirantgertic adult: lane 20-Z2. 20. 40. and ^ ng o* purified rat fibrinogen. 
The lelelivB positions of tho motsculer weight stendaids phosphorytaso B (BfT.AOO). bovine serum albumin (68L0OO). ovalbumin (43^000) carbonic 
anhydrase (Z9fiQm. and O-iectoglobulln (1^400) are Indicated at left. o. fibrinogen Aa chain; S. fibrinogen S0 chain; t. flbrinogen y chain. 
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the absence of hentorrhagic evonls in older animals end 
may contribute to the survival of indivlduala and main- 
tenance of the fined. This loss of transgene expression oo- 
curred in both Alb-uPA lines generated, and thus is un- 
likely to be dependOTft on the site of transgene integration. 
The mechanism underlying this toss Of expression is cur* 
rently being Investigated; this phenomenon has not t^een 
observed with other transganes containing the albumin 
enhancer/promoter (E. R S., unpublished data). The ot> 
servatton that blood from unaffected transgenic mice failed 
to clot spontaneously or in the presence of excess throm- 
bin excludes differences in functional levels of plasmino- 
gen activator or inhibitors Q8 the cause of phenotypic veri> 
ability. Further evidence for the uniform activity of pleis- 
minogen activator was the severe depression of blood 
fibrinogen levels \n all transgenic mice relative to age* 
malchad controls» as measured by Western blot. Since 
plasminogen, fibrinogen, and trensgenorencoded uPA 
would probably move down the same Intracellular secre> 
tory pathway, plasminogen activation and pfasmirwnedt- 
ated fibrinogenolysis could potentially occur tx3th within 
the hepatocyte prior to secretion and in the circulaiion. 
The loss of dotting function in fetal mice also argues that 
maternal inhibitors are not responsible for the absence of 
Intrauterine hemorrhaglrtg. 

Because the Initial response to loss of vascular integrity 
is vessel spasm and platelet plug formation, platelet defy- 
ciency could contribute to a bleeding event. Although 
platelet function was not assessed, platelet counts were, 
in fact, slightly increased In transgenic mice. The appar- 
ent Increase in platelet number may represent reacthfe 
thromtxKytosis, which Is associated with metabolic stress^ 
Inflammation, or acute blood loss (Addlego ef al., 1974). 
We also considsrad the syndrome of disseminated intra- 
vascular coagulation as a possible cause of bleeding in 
the mice. However, the absence of thrombocytopenia and 
the absence of thrombi within kidney miorovascutature 
(data not shown) argue against this possibility. A third 
potential cause of bleeding was decreased coagulation 
factor synthesis secondary to transgene-medlaled liver 
failure. However, total plasma protein levels were similar 
In control and transgenic mice (data not shown), and iTOth 
groups displayed comparatrie levels of the liver-specific 
mRNA species ertcoding plasminogen and fibrinogen. Fi- 
nally, a major dominant effect of genetic background on 
phenotype can t>e excluded because when transgenic line 
1353-8 mice were backcrossed to either parental strain 
(C57BL/6 or SJL), both affected and unaffected transgen- 
ic offspring were obtained (data no\ shown). Additional 
backcroeses will be required to determine whether a more 
stit^tle gerSetlc Influence is presBni. 

The nature of the critical characteristic that distinguishes 
those mice that bleed from those that do not thus remains 
uncertain. It is possible that microvascular trauma may re- 
sult In hemorrhage in affected euiimais. The source of this 
trauma may be parturition, with associated peMc transit 
and umblllcai tearing, or the passage of material through 
the gastrointestinal tract. This concept Is consistent with 
the absence of bleeding diatheses among fetuses. The 
observation that bleeding does not occur Immediately at 
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birth suggests that an transgenic neonates are proteaed 
for a brief period. This can be incorporated imo the gen- 
eral framework of the trauma hypothesis. The formation of 
a platelet plug would act as the initial response to vascular 
injury, thus Immediate bleeding could not occur. However, 
failure to stat>ilize the platelet plug with a fibrin clot would 
ultimately result in renewed.and sustained bleeding. Fait* 
ure to generate a clot could be caused by the decline of 
coagulation function that accompanies hypoflbrinogene- 
mia. This model proposes that the difference between 
bleeding and nonbleeding mice is happenstance trauma. 

Regardless of cause, the variability of symptoms within 
litters of Alb-uPA transgenic mice is consistent with the 
phenotypic variation observed among humans with sev- 
eral disorders, specifically congenital deficiency of a2-AP 
(Aokl. igsg: Booth et al., 1963). congenital excess ot plas* 
minogen activator (Aokl. 1989: Booth et al., 1983). or the 
administiatlon Of plasminogen activator therapy (Raa 19BB). 
In these conditions. fibrin(Dgen)olysls secondary to an in* 
crease in fibrinolytic system components leads to bleed- 
ing manifestations' that include umbilical stump hemor- 
rhage (Aoki, I98g), mucous membrane bleeding (Aokl. 
1969; Miles et aL. 19B2), subcutaneous ecchymoses (Booth 
et al.. 1983; Francis. 1999; Miles et al.. 1982). hemarttiro- 
SOS (Aoki et al.. 1979; Booth et al., 1983; Miles et al.. 1982; 
Francis. 1989). Gl bleeding (Rao. 1986), andAn- central 
nervous system hemorrhage (Booth et al., 1983; Francis, 
1989). 

The transgenic lines described abova provide an easily 
manipulated experimental system to examine events lead- 
ing to hemorrhage due to hypofibrinogenemia from any 
cause. In particular, these animals may serve as in vivo 
models for the study of congenital and acquired disorders 
of fibrinolysis. This system can also be used to test clinical 
protocols for limiting the hemorrhagic complications now 
associated with use of plasminogen activators in the treat* 
ment of thrombotic disorders, including acute myocardial 
Infarction. Finally, this study illustrates the utility of apply* 
ing transgenic methodology to the Investigation of the 
complex system of hemostasia in vivo. 

Experimental Procedures 

ConsirucUon of the Al^uPA Fusion Gene ond 
Production of Transgenic Mice 

A 145 W> Sail fragoient of c05MiiPA-i (Friozner-Oegen oi el.. 19S7). 
containtng the enit^ morino uPA geno ('^7 kb) as w©0 as 7S kb of 
y^flanklng aaquene^ and Ol3 kb of 3'-fianMn9 aaquanee was sub- 
ckmad inlD the Sail site of pilCIS. The plaanrid was linearized at a 
unique EcoRV ai'ta located appiDHimalely ?3 kb upatraam off the alta 
of trarweriptlon Initiation and tfigeslad with oxonueieaee DaiSI under 
raapiron conditions designed io limit cteevaoe to less ttian S Mx Syn- 
lhaiic Kpni linkars ^ra added and the producie circularized. One 
pioduct piasmid {pPD-uPASi2> hada Kpnl imicer Imrochicad wiihm axon 
1 (position 4-49) and ineliltfed the emtrB protein coding reeton. A 
derivative of pP0-uRA5.? wo? subBaquerkUy prepared ihat ePminalad 
all tnrt 10 nucleoiidea downatroam or the tranaf ation termination codon. 
1b do thia. a S75 kb KpnUMaill fragment ot pPDHiPA5.2 was Isolated, 
the ervds genoratod by Mstll cleavage made blunl using it^e Klenow 
fragmvnt ot E> coU ONA polymerase, and than ligaiad into Biuescrlpt 
(SKQ (Slralegene) Kpni-HincH vectoi; The detelad 3r nonooding and 
nanklng sequenced wore replaced with 3' noncoding and nanKIng so* 
quencas of iha hGH pane ueing the i^no«ving two-atep procedure. 
Finsl. a eZ7 bp SmaUEcoRI fragment of tha hGH gano (Saaburg. 1902) 
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containing 100 miciooiktos of 3* noncodino soQuenees and the pcMy- 
edanyfation sihf wa5 9ubcloned inip Blueecnpl EcoRV-EeoBi v^ctoc 
Second, ths hGH eiomoni was Wt990 using ffenmog Ctet and Spel 
polylinKer slteo and figated into uPA eono body piasmict. The product 
plasmid ipuPM^OH) conialned properly erienled uPA and hQH gene 
elements separaled by 21 nucleotides of potyflnker DNA. 

The murine dtbumln entiancer/promoter was then jomed I6 evon t 
ol uPA using a threa^lep protocef. rtr^t. a ur^'que Meet site located in 
ine D»uescr<pl vector sequences of poPA-W3M (-^20 upstream ol the 
SQcpn 1 Kpm linker} wes convertad lo a umquo Ndei sMo by inl^ucUon 
of a aynihetic Ndel Knker (product ptasrnld » puPA-hGH/Nde). 5eo> 
end. a denvat'rvo of tNe albumin ^ene was prepared that placed urvique 
Ndel and Kpnl sites upstream and downstream, respectivefy, of Iho 
critical enhar)ce»ypromotBr aiemervia. This wes dono by subciontng iha 
23 fcb Nbel-BsmHI frapmenl o* Ba3elb-hGH (Ptnkorl el al. 19B7) into 
Blueocrifji Xbal-BamHI vector and then transferring the inaeri using 
the flanking Ssll and BamHI eitea to pUClB HIncll-eamHI vector (Satl 
ends were insde biuni using Td dna polymerase). The product 
(^ClMb[et/p)) contained a Ndel site focaied in pU08 vector se* 
queneos ^^^225 nucleotides upsueann or the enhaneer/promoler eie- 
meni and conteinod a Kpm Site located In polyllnker sequences im. 
medlsiely downsheem of the albumin transcription Initiation siie. 
Finally, the -^23 w> NdeM<pnl fiBgrnent of pU0lB-Ai5(e^) was Iso- 
leled and subcioned Into puiWiOH/Nde Ndel-Kpnl vector io pioduce 
the pnDdud (pAlb-uB^) illustrated In Hgvre 1. An B,7 kb Setll l^eoment 
of pAlb'UPA was ieolBied and micreinjecled into fertilized moune eggs 
Ibr lha ganerBtion of irartsgenie mice (Brinaier et al., 1065). Transgenic ' 
PUPS were Idantiried ee previously described (PInlceri et el.. 19B7) 
ueing hGHspeclllc hybrldizBiion probes. 

Tlaaue Collection 

Mice of various eges wore kitted by decapitation, and whole blood was 
immediately collected into heparinizod hemetocrit tubes, then cerv 
irlfuged for 5 min to eeparate plasme from cells. Plsisma v^s retained 
and frozen m nquid nlirogan. The livers and occdsionaPy additional Us- 
SUBS worB tMposed. t>y U^ssecilon, arxf en or a portion of each wds 
placed mid foil and frozen In lh|uld nlirogen tor subsequent anelyses. 

Isolailon of Iblel CeOuler UNA 

Ibtal BNA was isolated from mouae lissues by a modlflcaUon of the 
Ouanidine tSOthlocyanate/CsCf centrtfugation method of Chirgwin o( dl. 
(197^^. Brielly. lissuo tragnnents (IPO-^ mg) were ground with morter 
and pestle under liquid nttiogen. The po%<ler was homogenbsd in ee- 
IracVon buffer (25 ml) conaieiing of 25 mM sodium citrate <pH 7X1), a 
M puentdine Isolhlocyanale. <X2 M P-mercaptoethanol. end a2«i ear* 
kosyl. Momogenates were traneferred to SWBO uibacentrifuoe tubes 
(BecKman) and urvderlaid with a 1 ml CsCI cushion (10 mM Tria-HCt 
[pH 7^) containing &7 M CsQ and ai M EOTA). RNA wae pelleled by 
cenlrlfugallon m dSjOOO rpm for 15 hr at 25*C. The RNA was resus* 
pended in 10 mM IMs-HCI (pH 7^, heated to 6e»C lor 3 min. ethanol 
predpiieled. and finally dissolved m 100-200 %i\ of water. RNA concen- 
trations were determtnBd spectropholometricaliy ustr^g an exnncilon 
coefncienl of 20 et 260 nm tor^ 1 mg/ml solution. 

QuantltelNe Solution Hybridiratioii Assay ol uPA mRNA 

IVansgene^Jerived uPA mRNA levels in total RNA extracts were estab- 
lished using a solution hybrldl»tlon assay (Durnam and F^lmitor. 
1983) and a synihetle oligonucleotide proiw (5''T1»TTA00ACAA00- 
ClOOTQOGCACTOGAG-3^ complementary to the hGM portion of the 
Alb-uPA iransgene. OtigonucfeoUde (85 pmoO was end ial»led with 
hf^JATP end pplynucleottde fdneae io e specific ectivily of -^3000 
Ciftnmoi (Omitz el al.. 1985) and isolated on a 129i acrylarnkfe-uiva 
gel (Qnnltz el el.. 198&>. The np-labeled probe was eluied overnlghi 
at ^rC In 1^ ml of aa M eminonfurn aceteie conteining 1 mM EtXTA, 
pu«)lied by chromatography en a NEI^ISORB 20 cartridge (New En- 
glend Nudeer), and redissohred in 1 mM IKs-HCI (pH 7^) containing 
03 mM ECfTA and ai% SDS. 

Hybridisation mixtures (30 mO contained test nucleic acids. lOjDOO 
cpm ^labeled probe, 20 mM Tri^-HCl (pH 75), ae M NaCI. 4 mM • 
BOTA, 0.m SDS, 20% formamide. and ID ng of Ml3mp8 carrier OHA, 
The mbctures were covered with pareffin oil end incubated oppfCDd- 
mately 15 hr at 50^. Hybridization was delected by digestion of urv 
hybridized probe with 51 nudeese es described previot/sly (Dumam 



and FdimiM igaa). mept that the ledmlen mbctures were incubated 
et 45°c. lb eenvert liybrldlted radioectiviiy to molecules of trans- 
gene-denved upa mRNA. a atandard cunre was established vsktg 
recombinant M13mp19 sirigle'Stranded DMA conlalning the 627 bp 
SmaUEcoRI element of the hGH gene incorporated into the chimeric 
Alb-ui^ toansgene: The average ceQular uPA mRNA level was caictt- 
laied umng the Mown stea of the Mi3 standanJ (7BB0 nucleotides) and 
the following valuee for the RNA content of neonatal mouse bssuee: 
lung. 2a tig^O^ ceUs: liver. 109 |igno^ (fe»s: kidney; 6l1 tig^O^ celts: 
intestine. 93 y^fVSfi cella. These RNA velues wrere established aa pre- 
vioualy described (Baelge et af., 1960). 

Zymogrephfc Analyeie of Plaaminogon Aethwtor In Pleeme 
Plstyiiia samples were pieced in sample buffer containing S% SOS, 00 
mM Tris-HCt (pH My, iD^Vb glycerol, and a002^^ bmmophenol blue. 
Preteins were electropho«eticafly Iractlonaied on nonreducing Si>S- 
Bcrylamide (123%) gels (Laemmll. 19^0> cast with 0.d% nonf&t dry 
mUk end 20 ^ig^i human piasminogan. The gels were washed twice 
for 30 mln In 25% THion X-100 and then Incubated for 18 h» at yrC 
in 0.1 M glycine <pH ao). The casetnolytic ecu'vity was detected by 
staining the gel for 2 hr in 10% aeeUc acid, 15% leepropanni, 0.1% 
amtdo bfack and dealeining in 10% ecetic acid, 20% meiharrol, 

Weeiem Blot Immunodetectlim of FMnogen 
Samples or whole wood (5 >il) were collecied from decapitaled mice 
and diepensed into 195 uf of 80 mM IHs-HCI (pH 8^ conieining 2% 
SD9^ 0.7 M p-mercaptoetharvot. 0004% bromophenol piue^ and iO% 
glycerol (elapsed Urne <10 a). The sampfos werv heated lo lOOtJ for 
5 mln to denature and reduce proteins and then seriany diluted in sam* 
pie buffer lo final concentrallons of OlOO, QJ04, end 0j02 iit whole blood 
per 20 pi. The prolotns present In 20 m1 aiiquota were fractionated by 
SI>S-^x>lyBcrylBmide gel (10% acrylamlde) etectrophoreeie (Laemmli. 
1970) and then etBCln^phoretically transferred (250 mA for IS hr at d»C) 
to ImmobUon (MIIDpore) uaing a Tranaphor (Hoerer) blotling ocH and a 
Tris-glycirte bUfler system (25 rnM Trls, 1fi2 mM glycine, 0.1% $DS. 
20% rriethanol). Fibrinogen was detected uaing a rat>bit antiserum 
raised against rat fibrinogen (kindly provided by R. F. Dooliitla Univer- 
sity of California, San Diego) and the Nfeclasialn ABC (\toor) avidin- 
blotin peroxidase etafofog ayeiem. Briefly, bfots were incubated 2 hr at 
room lemperalure In buffer A (20 mM Tris-HCi (pH 75) containing ai5 
M NeCI. a2% lweeiV20 (Stgma). and iO% nonfal dry milK) and then 
Incubated an addittonel 2 hr at room temperature fo fforfoogen anltee- 
rum diiuled 1:500 fo buffor A. The membrenee were SMtensively w^ed 
in buffer A and transfsrred to buffer A containing 73 ^^ft^ affinllyw 
puritied biotinylaiedgoal anihrabt^ immunogtobuHn antibody (V^i^ 
After a 1 hr incubaiioh. the membranes were washed oKiensively in 
buffor A end then rinsed bnefly in tKjffor A lacking nonfsi dry mflk. The 
mombfanes were Incubated fbr i hr ai room temperature wlih the 
Bvidin^lnDtin peroxidase complex formed by combining 100 pi each Of 
Vectastain reagents Aand B in 10 ml of buffer A focning nonfat dry milk. 
PinaOy. the Wots were weshad eoilenslvely In buffer A. rinsed in 20 mM 
TWs-HCl (pH 75), ai5 M NaCI, end Stained In 100 mM TWs-HCI (pH 
75) Containing 08 mg/ml dlamtnobenzidinB, 0.4 mg^l NiCf^, arid 
001% H^;. 

Northern Blot Analysis 

Ibtal RNA aamples were elecliophoretically frticltonated on der^aturln^ 
agarose gds and blotted onto BABS nitroceflutose filters (Sch>eicher 
and Schueii) as described previously (Dell et el., 19W». Fitters were 
prehybrldized for 2 hr at 80^; in 8 x SSC containing 004% Plcoll «00, 
0i)4% bovine aerum albumin. OiM% polyWnylpyrrolldlne (fx SSC » 
15 mM aooium citrate |pH 75], ai5 M NaCi). Hybridteaiion reactions 
were carried oul for 15 hr al 00*C In prehybridiialion solution (10 ml) 
containing 1 mM EOHA. 05% SdS. and 10 x 10® cpm heai-denaiured 
**P-labeted (Felnberg and Vbgeistein, 19B3) rat nbrfnogen cDNA 
probes (spectfle adMty 2»4 x 10* cpm/pg). The nbrinogen Aa. B0. 
end y chain probes (kindly piovlded tiy Q. Crabtreer Stanford Univer- 
sity9 were the i.a kb Patl fragment of paPlbk the 1.2 kb Psti fragment 
of pDFlbe* 8Rd the t.T lib Psil fragment of pyFibl. rospeetlvely (Ciab> 
tree end KM, 1981). BlotB were removed from hybrkfiZBlion mi)rtures. 
waehedodenelvefyatGCn^inBK 5Saft5%5DS^ and exposed to Kb- 
dek X^at )(AR-5 film el *70^ whh tntenstlyirig ecreens* 
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cion»n9 Time RSessurement 

Blood CZO til) was eonocldd rrom a ddCdpitdted moueo in d disposdbld 
plaslie pipeitd lip and wds mixad with S2 pi of a solution of thrombin 
(Sigma) end e^mfno-n-caprolc add (Sigma) on a glass elide, such that 
ihe ttiral concentration of thrombin was BQ U/ml and lhal of tho acid 
was aZ4 Cloning timo was m&asuiBd with a eiopwalch. Ihe end- 
point bein^ bss of f rro fluid motion and formaiion of a visfble clot, Sem- 
plea wore mpnitoiBd for 30 min. For blood ml;(ln9 aludioa, 8 m' of Iran*- 
genic and 9 itl of nontransQenic mouaa btood were rnhced togeiner wim 
2 111 of thiDmbm solution on a gla59 aflda. such lhal the final ihfombin 
concemrallon was ^^9 U/mi, and ctoUing Um© was m^asurod. Tbia 
value was OOmpaM with dotting Umaa of individual blood asmplaa 
coRected from ifie same nvco and Bsaayed as described abov^. 

Pl8te9et founts 

Whole blood (10 was collected from a decaptlaied mouae and 
added to i or 4 mi of a 1% ammonium oocaiale soluliori to lyse red btood 
ceRs. Platelets wen» counted in a tiemacyiiTmeiei: 
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The two AJb-uPA transgenic mice descTRToo in thia paper have been 
assigned me fotlowfng genetic designations: 1^-fllTg(All>'1.Plau)drit* 
44; 19A4-6.Tg(AIb-1.Pkiu)Bril46. 



Obcon, in (3 7) J with Ihe following modifications: 
Fusion proteins were bound to glutathione aga- 
rose, and the recombinant portion was eluted for 
30 mln In 10 ml of 50 mM tris (pH 8.0), 150 mM 
NaCI, 2.5 mM CaC!,, and 0.1% p-mercaptoetha- 
nd with thrombin (4 |ig ml-^). Phenybi^ylsuWo- 
nyl fluoride (0.6 mM) was added to the protein 
elution. and the sample concentrated to 0.5 ml. 
The protein was further purified by gel filtration on 
a Si^rose 12 sizing column (Pharmacia, Rscat- 
away. NJ) in HBS-T20 buffer. Control preparations 
were prepared Identically from iysates expresafng 
only Hie GST proteTn. 



39. SPR detection experiments were performed with 
the BIAcore apparatus (Ptiarmada Bloser^r). All 
protein imnrrobillzations were performed In 25 mM 
acetate buffer (pH 4.0), 15 nr^ NaO, 0.05% 
Twe6n-20. The carboxylated dextran matrix of the 
flow cell was first activated with 1-ethyf-3-(3-dI- 
methylaminopropyOcarbodiimids and A^^roxy- 
succlnimide, which allowed the subsequent 
cross-linking of injected protein through primary 
amine groups [B. Johnsson et a/.. Anal. Btochmi 
198» 268 (1991)}. After the protein was cross- 
linked to the flow ceU. the reactive groups were 
t)locked by the injectton of an excess of primary 



amines. 1 M etharK)lamine (pH 8.5). Data for 
BIAcore SPR detectton experiments were cotiect- 
ed at 5 Hz. All binding was done In HBS-T20 
buffer at room temperature. 
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Replacemeot oif Diseased fioyse Liver by 
HepaHiic CeHi TraospIainiilatooDi 

Jonathan A. RhIm, Eric P. Sandgren * Jay L Degen, 
Richard D. Palmiter, Ralph L. Brinsterf 

Adult liver has the unusual ability to fully regenerate after injury. Although regeneration Is 
accomplished by the division of nnature hepatocytes, lite repllcatlve potential of these cells 
is unknown. Here, tf^e replicative capacity of adult liver cells and their medical usefulness 
as donor cells for transplantation were investigated by transfer of adult mouse liver cells 
Into transgenic mice that display an endogenous defect In hepatic growth potential and 
function. The transplanted liver cell populations replaced up to 80 percent of the diseased 
recipient liver. These findings demonstrate the enormous growth potential of adult hepa- 
tocytes, indicating the feasibility of Ih^er cell transplantation as a mettiod to replace lost or 
diseased hepatic parenchyma. 



Despite its highly specialized function, the 
liver is unique in its capacity to regenerate, 
even within the adiilt organism. The pri- 
mary model of this process, two-thirds par- 
tial hepatectomy in the rat, has allowed 
investigation of molecular events that un- 
deiiie the regeneradve process (J). While 
much has been learned about liver regener- 
ation, many questions regarding the prolif- 
erative capacity of adult liver cells remain. 
After partial hepatectomy, much of the lost 
liver mass is restored by the division of fully 
differentiated hepatocytes (1, 2). However, 
because only one to two rounds of hepato- 
cellular division are required to restore the 
liver mass after partial hepatectomy, the 
extent of the regenerative capacity of hepa- 
tocytes is unknown. Certain pathological 
processes may reflect a finite capacity for 
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hepatocyte replication. In gene therapy pro- 
tocols, in which therapeutic genes are deliv- 
ered to the liver via genetically modified 
hepatocytes, expression of the introduced 
gene declines over time (3, 4). This dimi- 
nution of gene expression may be due to 
gradual loss of the modified cells because of a 
limited capacity' to divide, either as a result 
of an inherent restriction in their replicative 
potential or as a result of changes acquired 
during their manipulation in culture, atni is 
an especially serious problem given the very 
low colonization of host liver (less than 1%) 
that has been achieved in experimental 
models using hepatocellular transplantation 
{3-5) . Finally, in conditions of severe liver 
injury, restoration of liver mass may be 
primarily accomplished not by hepatocytes 
but by the expansion of hepatocyte precur- 
sors (stem cells) that subsequently differen- 
tiate into hepatocytes. The existence of liver 
stem cells, their replicative potential, and 
their role in liver regeneration remain con- 
troversial (6, 7). 

Wc recently described a model of liver 
regeneration in albumin- urokinase (Alb- 
uPA) transgenic mice [TgN(AlblPlau)- 
144Bri, TgN (AlblPlau) 145Bri], in which he- 
patocyte-targeted expression of a hepatotoxic 
transgene creates a functional liver deficit (8) 
resulting in a chronic stimulus for liver 
growth. Because of the stimulus for liver 
growth present in these mice, a small number 
of hepatic cells in young mice that stochasti- 
cally delete the deleterious transgene are se- 



lectively expanded. Each cell gives rise to a 
clone of hepatocytes that forms a nodule (8). 
By 8 to 12 weeks of age, transgenic mouse 
livers have been completely replaced by the 
nodular, clonal growth of these transgene- 
defident cells (referred to as "red nodules"). 
The observation that the regenerating nod- 
ules in these bveis were composed of normal 
appearing hepatocytes suggested that mature 
hepatocytes may indeed possess considerable 
replicative capacity. However, we could not 
rule out the possMity that the progenitor 
cells of tiiese nodules, instead of being hepa- 
tocytes, were actually undifferentiated cells 
with a much greater replicative edacity than 
the hepatocytes to which they gave rise. 
Furthermore, even if nodule progenitor cells 
were hepatocytes, d:iey were of fetal or early 
posmatal origin; ceUs at this stage display a 
much higher mitotic index than the adult 
hepatocytes, which are of greatest interest 
biologically and medically. 

To determine the replicative capacity of 
adult liver cells, we transplanted cells isolat- 
ed from adult mouse livers into Alb-uPA 
transgenic mice, then studied their growth. 
Marking of donor cells at the genetic level 
can be accomplished with retroviral trans- 
duction of hepatocytes (9), but for our stud- 
ies we wished to avoid methods chat might 
alter the replicative potential of the cells or 
mark only subpopulations of liver cells. We 
therefiote transplanted cells freshly isolated 
from two groups of transgenic mice. The 
fust, Elrmyc (TgN(ElalMyc)159Bril, car- 
ried the rat elastase enhancer-promoter fused 
to the mouse c-wyc structural gene (10), 
This transgene is not expressed in liver; 
however, there are approximately nine cop- 
ies per cell, facilitating detection of donor 
hepatocyte DNA within recipient livers. 
This lineage is congenic in C57BL/6 (B6). 
Second, we generated B6 donor transgenic 
mouse lines that carried the mouse metal- 
lothionein-I gene promoter plus flanking 
sequences fused to a modified ^-galacto- 
sidase (P-gal) structural gene (MT-facZ) 
(i i). The protein product of this trarugene 
is targeted to the cell nucleus as a result of 
the presence of the SV40 large T-antigen 
nuclear localization signal peptide. The MT 
promoter is active in liver of transgenic 
mice, and its expression can be induced up 
to 10-fold by administration of heavy metal 
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Ions (12). P-Galacto^se activity can be 
visibly detected with the synthetic substrate 

5-bromo-4-chIoro-3-indolvl-S-D-Ealactoside 
(X-gal). 

Two MT'iflcZ lineages (containing die 
ciansgene at different genomic locations) 
were established and designated 4560-2 
ltgN(MTnlacZ)203Bri) and 4580-2 [TgN- 
(MTnlac2)204Bri]. After induction with 
cadmium and incubation widi X-gal (]3), 
transgenic livers were stained homoge- 
neously blue. Micnascopic examination re- 
vealed P-gal activity localized to hepatocyte 
nuclei (Rg. lA). 



For all transplantation experiments, liv- 
er cell suspensions were freshly prepared by 
two-step EDTA-coUagenasc perfusion (14), 
then centrifuged twice at 50^ to enrich for 
hepatocytes. Cellular viability ranged bom 
50 to 85% as measured by trypan blue 
exclusion. Each suspension was kept on ice 
and transferred within 2 hours. Approxi- 
mately 80 to 85% of the cells in the 
preparations were hepatocytes morphologi- 
cally; however, small nonhepatocytic cells 
were also present (Fig. IB). 

In the hemizygous Alb-uPA transgenic 
mice used in our experiments, the tegener- 



Rg. 1- X-gal slalrtng of MT-fecZdonor liver after 
cadmium induclfon. A frozen section (A) or a 
nver cell suspension (B) from MT-iacZ trans- 
genic Bver was stained with X-gal (13) and 
counterstalned with nuclear fast red. In the fro- 
zen section (A), a portal triad Is shown oonlain- 
Ing an arterible (a), a bile duct (b). and a vein (v). 
Hepatocyte nuclei show strong X-gal staining. 
Neaher biliary cell nor endothelial cell nudel had 
any detectable p-gal activity; they are stained 
red. Scale bar, 40 (im. In the cell preparation (B), 
over 80% of tf^ cells are hepatocytes (0; they 
are large, round to polygonally shaped cells with 
abundant cytoplasm and one or two centrally 
placed nuclei. In most hepatocytes the p-gal 
activity is confined lo the nucleus; in others, the 
activrty is also present within the cytoplasm. A 
few tepatocytic cells sf>owed no evidence of 
p-gal activity (h); their nuclei stained red. In 
addition to hepatocytes. other celis with smaller 
nuctel. less cytoplasm, and no evidence of p-gal 
activity were also present (s). We found that the 
location arei intensity of X-gal staining in hepa- 
tocytes varied with different fixation protocols for 

cell suspensions. Staining was nriuch more unf- ~ 

fomi and predictable in frozen sections where wfatlon in intensity appeared related primarilv to the 
plane of section relative to the hepatocyte nucleus. pnmarwy lo ine 




ative stimulus is present as long as trans- 
gene-expressmg liver remains, for —6 to 8 
weeb after birth. Thus, to optimize assess- 
ment of cellular replicative ability, cells 
must be transferred into transgenic recipi- 
ents as soon after birth as possible. Dimor 
cells were introduced into the spleen of 
mice within the first 2 weeks of life U5). 
Recipient mice were generally maintained 
for an additional 4 to 6 weeks and killed; 
livers were then analyzed for the prcscrKc of 
donor cells and their progeny. 

In- two initial experiments, '^lO* liver 
cells isolated ftom adult El-myc transgenic 
mice were injected into spleens of 5- to 
11-day-old Alb-uPA recipients. Four to 6 
weeb later, the recipients were killed :md 
their livers removed and analyzed by poly* 
merase chain reaction and Southern 
(DNA) blot hybridization. All six recipient 
mice transplanted with adult El-myc cdk 
dfcplayed evidence of donor cells in one or 
more portions of liver. Phosphoimngc anal- 
ysis of Southern blots indicated duit, in 
some liver samples, more than 50% i>f the 
cells were donor-derived (J 6). In contrast* 
no signal was observed in livers of sitnilariy 
treated control mice lacking the Alb-uPA 
transgene. Given that individual samples 
examined were often greater than 2.0 mm' 
in size and contained many ihore cells than 
the total number transplanted, these results 
strongly suggested that extensive donor cell 
expansion occunred within recipient liver. 

To determine both the extent and pat- 
tern of colonizadon of donor cells and their 
progeny in the recipient livers » wc injected 
donor cells harvested from liver of ;uluk 






Fte. & x-gal staining of control and transgenic livers transptented witti MTWacZ cells ! K/oro ^ 

Ic oontrof (top. left), an MT-Zao? positive contrd (top. cerSe^ m^^^^ 
the Altw^PA ^ansgene transplanted wrtfi MT-/ac^ cells (lop. right), and thr^rTs f^ 
f^^^^^^^^^^'^^f^oe\\s mom) ware stZdS?tl^\^al5^Sd^^^ 
Unstahed Kver naprasenls red areas of endogenous cells (r) that had lost tra^e SrS^^ 
Tmf n^^.f transgene-expressing white parenchyma (y^ . No gross blue Kg ^ del^f^ 
m the nonlransgenic liver transplanted with MJ-tacZ cells (top. right). aeiected 
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Rg. 3. Histology of AltniPA transgenic Rver 
receiving MT-/acZ cells. A frozen section of 
AlfchuPA transgenic liver transplanted wllh MT- 
/acZ ceils 4.5 weeks previously vi^as incubated 
with X-gal and oounlerstained with nuclear fast 
red. The liver parenchyma was almost com- 
pletely replaced by t^-facZhepatocyles. near- 
ly aH of which displayed Intense nuclear bluo 
staining with little variation among cells. The 
m-lacZ oetis have become associated with 
portal triads, central veins, and sinusoidal ceffs 
Biliafy nuclei from a portal area (p). endothelial 
nuclei from a central vein (v). and sinusoidal 
cen nuclei were stained red. A small residual 
area of transgene-expressing liver Is seen in 
the lower right corner of the figure. 




VlT-lflcZ mice into spleens of lO-day-old 
Mb-uPA mice. Transgenic recipients were 
administered cadmium 4 to 5 weeks after 
transplant, then killed, and their livers 
stained with X-gaL No gross blue staining 
was present in livers of control recipients 
lacking the Alb-uPA transgene (Fig. 2, top 
right). Microscopic examination of these 
livers did show single isolated blue cells 
(I6)v In contrast, large areas of blue stain- 
ing, comprising up to 80% of the liver, were 
readily apparent on gross examination of 



transgenic recipient livers (Fig. 2, bottom), 
indicating that the donated MT-lacZ cells 
had expanded subscandally. Microscopical- 
ly, the blue stained areas were composed of 
hepatocytes with blue nuclear staining (Fig. 
3). Examination of the spleens of recipient 
animals showed no evidence of donated 
liver cells (16). 

Close Inspection of chimeric livers re- 
vealed that the growth of the transplanted 
cells was nodular (Fig. 2), The apparendy 
solid blue areas were themselves composed 



Table 1. Donor and endogenous nodule size. Klodute dameter was measured from X-^^tained 
Svers of three Alb-uPA mice transplanted with MT-tec2ceIls In each of two separate experiments by 
HDeans of a dissecting microscc^ equipped with a calibrated measuring reticle. Fifty donor 
celk-derived (blua) nodules were measured from each liver. Twenty spontaneously arising, 
endogenous nodules (unstained) were measured in two livers. Note the large standard deviation in 
endogenous nodule size compared to that of donor nodules. The number of donor cell ctoubilings 
needed to generate a nodule of average size was calculated for each animal by determining the 
number of MT-iEacZ cells within the nodule and assuming that each nodule v^«s clonally derived 
{17), 



Experi- 
ment 
num- 
ber 


Percent- 
age of 
liver 
replaced 


Type of 
nodules 
measured 


Average rxxJuIe 
diameter ± SD 
(mm) 


Average 
doublings 
per 
donor 
cell 


1 


5 


Donor 


0.70 ± 0.24 


14 . 




40 


Donor 


0.50 ± 0.15 


12 




80 


DOTKX 


0.64 ± 0.16 


13 






Endogenous 


1.25 ± 1.08 


16 


3 


30 


Donor 


0.56 ±0.15 


13 






Endogenous 


1.26*1.02 


16 




60 


Donor 


0.57 ± 0.18 


13 




70 


Donor 


0.52 ±0.11 


12 



Table 2. Fraction of transplanted liver ceHs giving rise to recipient liver nodules. MT-tecZ liver cells 
were inlecied inlraspleriicany into day 10 Alb-uPA transgenic pups. After 32 days the livers were 
stained with X-gal and the number of biue nodules calculated by dMdIng the volume of the replaced 
portion of liver Iw the volume of the average blue nodule (19). Each nodule was assumed to be 
clonally derived (8). In experiments 2 and 3 and In a separate experiment, nontransgenic pups were 
Infected with MT-tecZ cells. Their livers were removed after 3 days, stained with X-gal. and the 
number of MT-/acZ cells determined and used to calculate the seeding efficiency (numb^ of cells 
detected in nontransgenic recipient livers divided by the number of viable cefis Injected Into the 
spleen) of the liver. The efficiencies were as foBows: experiment 2. 0.1 to 1 .2% (n = 2); experim«il 
3 3 5 to 1 7.0% in « 3): and additional experiment. 2.0 to 6.4% (n - 2). Because c^ly a small fractfon 
of the Inlecied cells reach the liver, the calculated percentage of injected ceils giving rise lo nodul^ 
(shown in ihe last column) is likely to significantly underestknate the fraction of Hnjected celte 
capable of giving rise to nodules. 



Eixperi- 
ment 
nunrv 
ber 



3 
4 



Viable 
cells 
injected 


Recipient 
animal 


Percent- 
age of 
liver 
replaced 


120.000 


1 


5 


2 


40 




3 


80 


88.000 


1 


6 


2 


70 




3 


70 


75,000 


1 


30 


2 


60 




3 


70 


170,000 


1 


60 


2 


60 




3 


70 





Percentage 


Number of 


of injected 


nodules per 


cells giving 


recipient liver 


rise to 


nodules 


400 


0.3 


3300 


2.8 


65(X> 


6.4 


400 


0.5 


5700 


6.5 


5700 


6.5 


2400 


3.2 


4900 


6.5 


5700 


7.6 


4100 


2.4 


4900 


2.9 


. 5700 


3.4 



of several thousand confluent blue nodules- 
The nodules were of markedly uniform size 
(Table 1)* This uniformity of donor nodule 
size contrasts with the much greater size 
vaiiacioa of endogenous (transgene-defi- 
cient) red nodules identified in two of the 
mice (Table 1), caused by either the vari- 
able onset of growth of red nodules in these 
mice or by a difference in the growth 
potential of red nodule progenitor cells. 

The nodular appearance of the donor- 
derived cells suggested that they, like their 
transgene-deficient endogenous counter- 
parts, grew by clonal expansion at the 
expense of the surrounding diseased, trans- 
gene-expressing liver. By comparing the 
volume of a blue nodule to the volume of a 
blue cell, the number of cells comprising 
the nodule can be calculated. Using this 
result, one can determine die number of 
cell doublings required to form the nodule 
(17), assuming that blue nodules ate de- 
rived from the expansion of one progenitor 
cell. On the basis of these calculations, the 
progenitor celk appear mitotically equiva- 
lent (Table 1, last column); that is, each 
gave rise to approximately the same number 
of descendants during the 4.5-week in vivo 
incubation period. Thus, donated liver cells 
underwent extensive growth within the 
transgenic liver, dividing at least 12 times. 
Reconstltution of an entire liver from one 
hepatocyte would require 26 cell doublings. 

The growth of transg^c livers transplant- 
ed with MT-locZ cells was appropriately reg- 
ulated. By 6 weeks after transplant, the liver 
weight to body weight ratio of transgeruc 
recipients was no different than that of non- 
transgenic controls (16). In addition, the 
livers of older animals were not grossly en- 
larged. No tumors have been observed in 
animals up to 6 months after transplantation. 

To assess the functional competency of 
Alb-uPA/MT-lacZ chimeric livers, we per- 
formed two experiments- First, the blood 
concentrations of albumin, total protein, 
and bilirubin, molecules whose concentra- 
tion is dependent on hepatic sufficiency, 
were compared in recipient and control 
mice; the values were similar (16)- Second, . 
a sensitive test of liver cell function and 
adequacy is the mitotic index of hepato- 
cytes after injury or loss of liver mass (1). 
Therefore, Alb-uPA/MT-Im^: chimeric liv- 
ers of 49-day-old mice were subjected to 
two-thirds partial hepatectomy, and the 
mitotic index was determined 44 hours later 
(the time of peak mitotic activity in mouse 
hepatocytes) . We also determined the re- 
sponses of donor and endogenous liver pre- 
sent in the same mouse, thus providing an 
internal control to eliminate variation be- 
tween animals. The overall mitotic re- 
sponse of the Alb-uPAyMT-iacZ chimeric 
livers (including both donor and end<^ 
nous areas) was elevated compared to rK)n- 
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transgenic control livers (1.5 ± 0.4%» « - 
3, and 0.7 ± 0.1%, n = 2, respectively), 
possibly reflecting the regenerative state of 
the transgenic livers, Hepatocytes of donor 
(1.6 ± 0.3%, n = 3) and endogenous (1.4 
± 0.6%, n = 3) origin within tran^enic 
host liver responded nearly identically to 
this test of regenerative function. 

By comparing the number of blue nod- 
ules in the recipient liver to the number of 
injected cells, it is possible to estimate the 
fraction of cells widi extensive growth po- 
tential within the donor cell population. Of 
12 animals from four separate experiments, 
the percentage of injected cells giving rise 
to blue rwdules ranged from 0.3 to 7-6% 
(Table 2). These percentages strongly sup- 
port die conclusion that hepatocytes were 
the progenitors of at least some of the blue 
nodules, since 0.3%, and certainly 7.6%, is 
an unreasonably high frequency for a dis- 
tinct class of cells with unique replicative 
potential (that is, stem ceils). AlduHigh 
there were nonparenchymal contaminant 
cells within our donor cell preparations 
(Fig. IB), it is very unlikely that this 
population of cells would be selectively 
taken up by the recipient liver and account 
for all of the blue nodules. Indeed, the 
percentage of adult hepatocytes that can 
function as nodule progenitor cells is most 
likely appreciably h^er than 7.6% consid- 
ering that the percentage of injected cells 
reaching the livers of seven control mice 
evaluated over three experiments never ex- 
ceeded 17.0% (Table 2, legend). 

We have shown that progeny of nonau- 
tologous transplanted adult liver cells can 
replace almost the entire mouse hepatic 
parenchyma because of the substantial rep- 
licative capacity of the mature hepatocyte. 
On the basis of our results, we propose that 
transplanted adult hepatocytes can undergo 
at least 12 cell doublings and still retain the 
ability to respond to partial hepatectomy 
with one or two additional divisions. Al- 
though we cannot rule out the possibihty 
that the progei\itor cells of the nodules 
represent a subpopulation of hepatocytes, 
we note that, should such subpopulations 
exist, our model is ideal for determining 
their replicative potential. 

Our findings suggest diat preparation of a 
donor cell population will not be the prin- 
cipal difficulty facing medical use of hepatic 
cdl transplantation; rather, success is likely 
to depend on provision of a suitable internal 
emironment hi which transplanted cells can 
survive and grow. Transgene-expressing 
Alb-uPA hepatocytes are at a growth disad- 
vantage compared to regenerating trans- 
gene-defident liver (8) and are apparently 
also functionally compromised, since a 
strong hepatic growth envirotmient is pre- 
sent in Alb-uPA liver despite a normal 
hepatic mass (8). However, hepatic archi- 



tecture and the complement of liver cells 
(including endothelium, biliary epithelium, 
Kupffer cells, and Ito cells) remain relatively 
normal. Thus, in young AJb-uPA recipients, 
the physical microenvironment is permissive 
for survival and function of transplanted 
celb, while the functional deficit of endog- 
enous hepatocytes stimulates the subsequent 
expansion of this donor cell population. 
These characteristics of the model suggest it 
will be extremely valuable to test the repli- 
cative potential of various cell donor popu- 
lations, including hepatocytes manipulated 
for gene therapy. 

Our findings have several medical impli- 
cations. First, immediate transplantation of 
currently available human liver cell popula- 
tions may save patients with fulminant he- 
patic failure where liver architecture is pre- 
served (18). Second, the approach of trans- 
planting genetically engineered hepatocytes 
to correct a metallic defect appears likely 
to succeed as long as a suitable microenvi- 
ronment for growth of these cells can be 
provided. Finally, Alb-uPA mice back- 
crossed onto an immunodefident genetic 
background should accept xenogeneic cell 
transplants and could in prindple be recon^ 
stituted with human liver cells. Thus, this 
approach of cell transplantation into Alb- 
uPA mice can also be used to characterize 
the regenerative potential of human liver 
cell populations and to study the biology of 
human hepatocytes within an intact liver in 
a controlled experimental setting. 
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Summary 

We previously demonstrated that expression of an albu- 
min-urokinase-type plasminogen activator (Alb-uPA) 
fusion construct in transgenic mice resulted in elevated 
plasma uPA concentration, hypofibrinogenemia, and 
neonatal hemorrhaging. Two lines of Alb-uPA mice 
were established in which only one half of the trans- 
genic pups died at birth; surprisingly, plasma uPA con- 
centrations in survivors gradually returned to normal 
by 2 months of age. The basis for this phenomenon 
IS DISJA rearrangement within hepatocytes that affects 
the tra^nsgene tan^teoiarray and abolishes transgene 
expression. Transgene-deficient Cells selecthrely pro- 
liferate relative to surrounding liver, and this process 
culminate? in replacement of the entire liver by clonal 
hepatic nobules derived from transgene-deficient pro- 
genitor cells. In some cases as few asj^afooodules can 
reconstitute over 90%of liver mass, highlighting the 
remarkable regenerative capacity of individual Ih^er 
cells. 

Introduction 

Transgenic mouse technology has provided the means to 
create and analyze models of genetic diseases affecting 
virtually any organ to which transgene expression can be 
directed (reviewed in Jaenlsch. 1988; Hanahan. 1989). 
Because of its involvement in many diseases of medical 
^importance, the liver has been a frequent target for this 
type of analysis. Among transgenes reported to be associ- 
ated with fiver lesions are those encoding growth hormone, 
which alters hepatocyte size and nuclear characteristics 
(Quaife et al.. 1989); oncogenes, which induce hepatic 
tumors (Messing et al.. 1985; Held et al.. 1989; Sandgren 
at af.. 1989; Sepulveda et al.. 1989); the hepatitis B virus 
large envelope polypeptide, which induces hepatocellular 
necrosis and carcinoma formatton In adults (Chisari et al.. 
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1985, 1987. 1989); transforming growth factor a. whfch 
causes both tumors and excessive liver growth (Sandgren 
et al.. 1990; Jhappan et aL. 1990); and a variant form of 
a,-antitrypsin (AAT). which reproduces some characterise 
tics off AAT deficiency disease in humans, including neo- 
natal and adult hepatitis (Dycaico et al.. 1988: Carlson 
et al.. 1989). 

Because of the liver's large synthetic and secretory ca- 
pability, targeting transgene expression to this organ also 
serves as a way to determine the systemic influence of 
overproduction of biologically potent molecules. We pre- 
viously used this approach to study the consequences of 
!"?^5?P>"^^® Piasminogan^ctlvatore vivo by 

intrdducing into mice a transgene bearing the urokinase- 
lype plasminogen activator (uPA) coding sequence fused 
to the albumin enhancer/promoter (Heckel et al.. 1990) 
■gtasminogen ^activators catajjg ejhe Rroteolytic cleavage 
and activation of plasminogen to pla^nlUWch in turn 
degrades fibrin clots (Collen and Lijnen, 1987). uPA also 
has been implicated in bk>k>gical processes invoh^lng tis- 
sue remodeling or destruction. Including ovulation, mam- 
mary gland involution, and metastasis (Dand et al 1985* 
Collen and Lijnen. 1987; Saksela and RIfkin. 1988) We 
predicted that expression of the aibumin-njPA fusion con- 
struct (Alb-uPA) might disrupt hemostasis through the 
plasmin intermediate either by inducing rapid breakdown 
of fibrin clots or direct fibrinogenolysis^s expected in 
many transgenic founder mice this construct 'directed 
high-level uPA expression to hepatocytes. resulting in ele- 
vated plasma uPA and fatal hemorrhaging in newborns 
Two lines of Alb-uPA transgenic mice were established 
from surviving founder mice that expressed lower levels 
of uPA. In these lines, about half of the transgenic neo- 
nates bled into either intestine or abdomen and died within 
4 days of birth, whereas the remaining transgenic offspring 
appeared normal and survived. Transgenic fetuses and 
both bleeding and nonbleeding transgenic neonates dis- 
played marked hypofibrinogenemia and unclottable blood, 
and we concluded that any injury sufficient to initiate Weed- 
ing was rapidly fatal in affected mice (Meckel et al.. 1 990). 

A general expectatfon In experiments of this type Is that 
transgene expression will be stable over time in targeted 
cells. Unexpectedly, surviving mice in botHjor the Alb-uPA 
lines showed a gradual decrease in the level of plasma 
uPA activity accompanied by aig storation of clotting func. 
tjfin that was complete betweeni and 2 months oTmo 
(Heckel et al., 1990; E. P. S.. unpublished data). Produc- 
tton of uPA, when directed by the albumin enhancer/pro- 
moter, should persist for as long as hepatocytes remain 
functional, so we were curious to understand the basis off 
this unusual phenotype. We now report that uPA is cyto- 
toxic for hepatocytes and that inactivati6n off transgene 
expression by DNA rearrangement In isolated hepatocytes 
IS followed by repopulation off the entire liver by cells that 
no longer produce uPA. 
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Figure l . Gross Appearance of Alb-uPA Trar^sgenlc Mouse Liver 

Livers were removed from 5-week-old male mice. The liver to the left is h-om a r^ontransgenic control mouse, that in the center from a hemizygous 
line 1353^ transgenic mouse, and that to the right from a homozygous line 1 353-8 transgenic mouse. Note the large red nodules in the hemizygote's 
liver and their absence from the homozygote's liver. 



Results 

Transgene Expression Is Hepatotoxic 

It was immediately apparent upon inspection of the liver 
of 3- to 5-week-old Alt>-uPA transgenic mice that this 
organ was profoundly abnormal. The liver consisted of 
smooth, pale to nearly white tissue (hereafter referred to as 
"white liver^ surrounding multiple reddish nodules ranging 
from less than 1 mm to over 1 cm in diameter (Figure 
1). the same gross features were present in each of two 
independently generated lines of Alt>-uPA transgenic 
mice. Indicating that this phenomenon is unrelated to the 
site of transgene integration. Livers of younger transgenic 
mice tended to be uniformly pale/ and red foci were not 
grossly visible in mice under 1 week of age. By 6-8 weeks, 
the entire liver was composed of confluent red nodules, 
and in some mice as few as two or three large nodules 
comprised the majority of the liver mass. These findings 
suggested that the white areas represented original trans* 
genie liver tissue and that postnatal changes in some as- 
pect of liver function or development had given rise to red 
nodular growths that eventually replaced white paren- 
chyma. 

Microscopic examination of fixed liver revealed two cel- 
lular populations. The first, occupying red areas, con- 
tained variably sized but otherwise rK»rmal hepatocytes 
that displayed occasional mitotic figures and that were 
mildly disorganized in relation to vascular sinusoids (com- 
pare Figures 2A and 2B). The second, occupying white 
areas, contained small hepatocytes with prominent cyto- 
plasmic vacuolization (Figure 28). A few individual hepato- 
cytes in white areas showed evidence of degeneratton. 
although large foci of necrosis were not observed. There 
was no histological indication of hepatic fibrosis or com- 
promised circulation in white portions of the liver, but osmh 
cated tissue sections demonstrated the presence only in 



white tissue of an increased amount of fat (data not 
shown), a possible contributor to the palk>r. At the red- 
white interface, red areas often seemed to be compressing 
surrounding white aireas, suggesting that red foci were 
expanding. Once the process of expansion was complete, 
livers composed of confluent red nodules did not appear 
to retain any white parenchyma. 

VS^ite and red liver tissue from transgenic mice of sev- 
eral ages were examined further by electron microscopy. 
In 1-month-old mice, hepatocytes from red nodules resem- 
bled normal hepatocytes in nontransgenic liver (compare 
Rgures 3A and 38 with 3C and 3D). Hepatocytes from the 
white areas showed progressive degenerative changes 
with f ragmentatk>n and disintegration of the most severely 
affected cells. Cytoplasm of intact hepatocytes contained 
varying numbers of membrane-limited, ..eleiCti^Mi^^ 
single or multivesicular bodies in a finely granular matrix, 
and they were often lined at the cytoplasmk: face by ribo- 
somes. suggesting an origin from rough endoplasmic re* 
ticulum (RER) (Rgures 3E and 3F). Although their exact 
chemical composition is unknown, the multivesicular txxJ- 
ies may represent compartmentalization of substances 
whose progression through the ER has t>een disrupted. 
Other organelles appeared normal until the onset of cellu- 
lar degeneration. 

Matings were established between transgenic mice to 
genej:^^ .yhonriozy^jLe§ . that carried ^tv«) i^^^pj?^? of the , 
trsufii^elle airay^ these mice provided the first clinical 
evidence for a deleterious effect of hepatic uPA expression 
in adult mice. Between 3 and 6 week$ of age, most homp- 
zygotes developed severe edema and subsequently died* 
At necropsy, their livers were pale and displayed few or no 
grossly visible red nodules (Rgura 1, right). Examination 
of blood chemistry from these mice was consistent with a 
diagnosis of liver insufficiency (Table 1 ). Most significantly, 
serum total protein and albumin concentrations were re- 
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size and arrangement of the 



Figure 2. Histopathology of Alb-4jPA Transgenic Mouse Liver 

(A) Liver from a 4.5-week-old nontransgenic control mouse. The photograph spans a lobule. Note the uniform 
hepatocytes. ^ 

(B) Liver from a 4.5Hnreek-old hemizygous line 1 353-8 transgenic mouse spanning a red-white interface. Note the dis^^ hepatocytes of variable 
size in the red area (above). Hepatocytes in the white area (below) are generally small and often show fine cytoplasmic vacuotizatton. Eosinophilic 
necrotic hepatocytes are present (arrowhead). 

cv, central vein; pt, portal tract; arrowhead, necrotic hepatocyte; bar, 33 iim. 



duced at least 4-fold» and the resulting loss of vascular 
oncotic pressure would be sufficient to produce edema. 
The level of ;q|rcuiating liPA was also reduced at least 
4-fold relative to neonates, although it remained greater 
than in hemtzygotes of the same age (Rgure 4). Given that 
plasma uPA levels are elevated for several weeks before 
the development of edema, the reduction of plasma pro- 
teins (other than plasminogen and fibrinogen) Is not likely 
due to proteolysis. Furthermore, we did not detect an in- 
crease in urine protein in these mice (data not shown), 
suggesting that the cause of low serum protein is de- 
creased hepatic production. The serum concentration of 
the enzyme alanine aminotransferase, a marker of hepato- 
cellular damage (Stolz and Kaplowitz. 1990). was mildly 
elevated, probably reflecting continued focal hepatocyte 
death. Interestingly, plasma bilirubin was not increased 
TTable 1). In the liver, bilirubin is conjugated with glucuro- 
nates and then excreted into bile. Homozygous mouse 
livers maintain this important metabolic function, indicat- 
ing different sensitivitiies of the bile and protein secretory 
pathways to transgene toxicity. All values remained nor- 
mal in hemizygotes (Table 1). Approximately 20% of ho- 
nnozygotes survived for more than 2 months. Microscopk: 
examination of fixed Ih^er sections indicated a greater den- 
sity of red foci than typically observed in the livers of homo- 
zygous mice exhibiting liver failure (data not shown). We 



believe that these mice must possess a sufficient number 
of healthy hepatocytes within red foci to avoid excessively 
low plasma protein concentration. 

Transgene expression was measured in tx>th red nod- 
ules and white liver parenchyma to determine the relation- 
ship between uPA production and the two types of liver 
tissue. Surprisingly, while white tissue continued to ex- 
press high levels of uPA mRNA, all samples from red nod- 
ules lacked detectable transgene expression (Table 2). 
The levels of albumin and plasminogjen mRNAs in red river 
were the same as controls (Table 2). indicating that the 
unexpected lack of transgene expression was not due to 
a general effect on liver-specific gene expression. In cor>- 
trast, the levels of albumin and plasminogen mRNAs were 
reduced slightly in white liver compared with red nodules 
or control liver samples from nontransgenic mice (Table 2). 
One interesting exception was a-fetoprotein production, 
which was actually increased in white liver relative to red 
nodules by 5- to 20-fold (Table 2). Productton of a-fetopro- 
tetn has similarly been reported to increase in response 
to certain liver toxins, such as CCU (4-fold increase) or 
ethionirte administered in a chollne-deficient diet (40-fold 
increase) (see Fausto. 1990). It therefore appears that toss 
of uPA expression is correlated with enhanced hepatic 
growth and a return to normal cellular morphology ar>d 
function in red liver. 
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Figure 3. Uttrastniciure of Alb-uPA Transgenic Mouse Liver 

W magnification of a hepatocyte from a 4.5^1c-old nonlransgenic conjrol mouse 

tamtJl "^^"^ "^""'^ °' "E" (arrowhead,) and me generally narre^r RER 

S iZl of a red focus hepatocyte from a 4^week-old line transgenic mouse. 

(W^ma«nrtica,»n detail Of red focus hepatocyte cyto 

SoSir^""'^ a White are, hepatocyte from the mouse pictured in (C) and (D). Note the vacuolated appearance of the hepatocyte 

Low magnmcatton bar, 1 um: high magnification bar, 0.25 iim. 
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Development of Clonal Hepatic Nodules 
Accompanies Stochastic 
Transgene Loss 

Two genera] mechanisms could account for loss of trans- 
gene expression in red nodules. Ih.e flrsLconsists ot mogj-^ 
tkafiooaatfisnsgeneex su^as change^ 

i.acDnpentration of trans-acting factors thai. iafluence.Jirgjis- 
QgaejgSRrfiSSiODjniQ^second^ of modifications in 
CIS, including covalent modiflo^tipjis such as methyiatibn. 



which inactivate transgene transcription, and mutations, 
ranging from point mutations to gross rearrangements. 
Loss of a positive trans-acting factor would be expected 
to reduce or eliminate endogenous albumin transcription, 
which was not observed. Furthermore, the number of 
transgene copies in homozygous mouse livers is only dou- 
bled, yet the reduction of red nodule development In these 
livers Is extreme, arguing against specific trans-mediated 
inhibition of transgene expression as an explanation of the 



Table 1 . Blood Chemistry in Une 1353-8 Mice 



Mice 



Total Protein 
(g/dl) 



Albumin 



Bitinjbin 
(mg/dl) 



Alanine Aminotransferase 
(U/L) 



Adult controls 
Hemlzygotes r 
Homozygotes 
(with edema) 



5.0 ± 0.2 (7) 
5.0 ^ 0.6 (6) 
<1.2 ± 0,3(5) 



2.2 ± 0.1 (7) 

2.3 ± 0.2 (6) 
<0.5 ± 0J2 (5) 



0.2 ± 0.0 (5) 
0.5 ± 0.3 (4) 
0.2 ± 0.1 (7) 



40 ± 11 (4) 
64 ± 23 (3) 
142 ± 33(5)- 



Ma are presented as mean ± SO; the number of mice analyzed is given In parentheses Mice were 4-6 waei» mn »«h^ . — "" TTTT 

Excludes a high resuW (693 U /L) from one analyzed mouse. 
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T^,^"^' Plasmim^ Ac«va«K Concen««on In Alb-uPA 

m'TJ^s'^".!^'^* °' "^^"""ogen activator activity levels in plas- 

. nontransgenic panes 1 and 2). line 

^^^^«««^nic (lanes 3-5). and line ,353-8 homoz^f 

Dlavin^^ll^ a line 1353^ transgenic mouse dis- 

STa i^^.^^,**"™^- ^» P'^ concentrau^ 

du^ at le^r!2L°'^ " hemizygotes. yet is still re- 

a^rio r^t, * »^«9enic mice pane C). For 

^;SaJ-rs;rs"~'-^'''^'»''-^'-'«-^^^ 



phenotype. To identify possible cis-acting changes in the 

r«IlT"®-^'^^- '^'^•^'^ ^"'l «ssue samples 
from hemizygotes and measured their Iransgene DNA 

w^ tirl. ^'^^ ("9"^® 5A). The blot 

S^ecTthl^'^""" P«"»«^' ^''^ that 

n™« ! t^ansgene ancLanaJhaUtelactsJbe-^ndoae. 
°^^'^^-^'Seoe. whirh f!ftfvgs-asuajaDtmt-fe^MA> 

In Rgure 5A.IlfciAja(as-digasteawit!iJ^^^ 
f^^Of^-fialhalrani^ m each sample this gener- 

TunLl^P^*^^^^^^^*^' probably correspond to 
WlOQ^ca8mer>ts_.The presence of the band of unit 
transgene lei^h suggests that the transgene integrated 
as a tandem head-to4a« repeat, as is usually the «»se in 



^ansgenic mice. The band at 1 1 kb corresponds to the 

i^^JrT"®?''^'^°'^^^"^«^''y''"<*'-««onof 
^m^^Sr ^'"^ '^'f^'^^ *Wte liver 

St^ th! r ""f """"^ ""^'^ ^ this indi- 

cates that loss of transgene DNA accompanies loss of 
transgene expression and red nodule development 
The restdual transgene signal in red tissue could reflect 

tK^^ '^"""^'"^'^^'^«°"-°'"«»"Wfepresent 
wiLn .hi ^^"^^^"^ P^"' cells 
T^^^l • and Kupffer cells. 

TO dtsttngutsh between these possibilities. DM from r^ 
nodules and white parenchyma of hemizygous mlceln 

r^^i^r '^^'eWon by intrachromosomaJ 

recomb.natK,n wtthin the tandem array should generate a 
ower molecular weight band that might be detected?*; 
trangene array happened to be flanked closely byVesiS: 
^ns,tes.MemativeV.comp,etede.etionoftheSn^^^^^ 
^nTJ^^T'TT nonhepatocytes should 

pSn^l^ hybridizatfon intensity but not its pattern. 
Prel minary expenments with four enzymes (EcoRV Ball 
Apal. and Ndel) did not reveal tow^ molec^a; v:^;; 

Phoresis mrough a 0.7% agaR»e gel. However, both 
in^^ ^ Bgll revealed a lower molecular weigh band 
in DNA from red nodules of a line 1353-e mou^ 
niese expenments suggested that DNA rearrangement 

^^Sa^iT";"^ ''^"^"^ at leasurne 

: ^''^'"'"e this hypothesis in a liver cell 
population largely free of nonhepatocytes and to deter- 
i^ne the frequency of transgene rearrangements, we iso- 
ated hepatocytes from five individual red nodules follow- 
ing collagenase perfusion of livers from four mice (see 
Experimental Procedures). DNA from these cells was di- 
g^ ed With Kpnl or EcoRV and analyzed by So^ 
btotting as before. When digested with Kpnl. hepatocJS 
DNA from each nodule displayed the band of unit trans 

^'^^"V. hepatocyte DNA 
from four of the red nodules displayed a low molecular 



Table g. Bene Expression In Alb-uPA Mice 




Adult control (2) 
Neonate control (2) 
Line 1944.6 (4) 
(hemizygous) 
Una 1353-8 (3) 

0>Mizygous) 
Une 1353-8 (5) 
(homozygous) 



Nontransgenic 
Nontransgenic 

WhHe 

Red 

White 

Red 

White 
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660 ± 
<10 
470 ± 90 
<10 

518 ± 141 



220 ± 50 

240 * 110 
^ ^ 180 

278 * ftj" 



44 ± 17 
*-26 
43 ± S" 
81. ± 11 
37 ± 14 



<0.1 
100 ± 16 
1.9 ± 0.8 
—0.1 S 0.2 
2.1 ± 0.3 
0.3 ± 0.3 



'^t/arT^^J^*^- "'"^ "^^^ »" Expen ^ental Procedures — 
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Rgure 5. Southern Blot Analysis of the Alb-uPA Transgene 
(A) DNA was Isolated from live, or kidney, and 5 w «»as digested with 
^>^VJ'^^ ^ once within the transgene). ne blot was 
hy^red wrth nick-tra„slated fragmems from the hGH gene, which 
detects the transgene. and the mouse Hox.1.4 loeus. which sen«s as 
^Tr^, ^ »«>m white 

S^tpf^ZT^^r "^""'^^ Note the decreed 

"^f ,7^ o "hft^edJaffiUianaaOa^ relative to those in whity ^ 

S^^„T!r*'^°'^^'^«Wnumberbyqua;.titativeZ 
^*^3R.n(dala not 8hown)indlcated that Una 1944^ has about ten 
«.^ofttietta«sgene in germline DNA. which is reduced about 4-told 

hr^^tH^ "-"^ "Vies, and this 

^ °' ~W liver nodule ceUs. 

T ^ ""^ ^ population of red nodule hepatc 

^« t""! «as hybridized with both 
fl™*»^ teSBaoaand Hox4^arrow) probes. Nodules 1 and 2 were 

fr""" «'«'°^«"» "ice. The Iddney sam- 
P^^PW^ftewuearranged locus. 

moiBejWB ihetransgene bands at 8 or 17 kb ftom all red nodules 
wfil^T^li ^ explanabbn of theJal pLhigh molecular 

u™^!,^!^'* •h*' nodule lanesirthi i It represent 

a .^^^^^^"*'"**"'=^»^«fe-«"hooghHn.ay reflect 
.l^roT^Ti^eT^C"^ ""'^'^ ~ rearrangemenr in this 



Figure 6. Represenlativs Intrachromosomal Transgene Deletion Event 
The ^gene is depicted as an arrow, with the thin line representing 
the albumin enhancer/promoter, the bold line representing the motise 
uPA gene, the arrowhead representing the hGH sequence (comole- 
mentaoMo the hybridizatkm probe), and the wavy line represent 
mc^th^n,osomBi DMA. Quantitation of transgene copy number^ 
One 13SM rmca suggests that there are about four copies. Restriction 
Sites are indicated a. foDows: K for Kpnl and E forlcSw 7^1?^^ 

arrangement depicted would produceaSkb band following Kpnldiges- 
tk>n and a 17 kb band foHowing EcoRV digestion. 



weight transgene band of about 8 or 17 kb (Figure SB); 
note the unit transgene length difference in size. DNA from' 
the remaining nodule (numbers) displayed no low molecu- 
lar weight band despite the reduced intensity of the 9 kb 
Kpnl band (Rgure SC). These data and those from four 
additional red nodule DNA samples revealed a 17 kb 
EcoRV band in five of nine nodules, the 8 kb band in two 
nodules, and no lower molecular weight band in two nod- 
ules. Thus, at least three different rearrangements have 
been detected, and each nodule contains only one. sug- 
^ gesting that all of the hepatocytes within a nodule are 
^ clonally derived. Given the unit transgene length band in 
the Kpnl digests of all nodules, the presence of a band of 
less than 9 kb in some Ecoliv digests is puzzling, since 
EcoRV should cut only outside the transgene array. Per- 
haps transgene deletion can invohre flanking DNA or a 
rearrangement or mutattonal event accompanied trans- 
gene integration in the line 1353-8 founder mouse, as re- r- 
ported for other trai^enic mouse lineages feee Wilkie ✓ 
c^d Patmjtgr,ja§3»ircomplete charart^ rizatiw^^^jim^ "' 
require cloning and sequencing of MjetrarisggnfiUoc^ 
■ before a nd a ft PujeaDangemaQL DespitrSfe complica-Tv^ 
tion, we believe that a somatic intrachromosomal recombi- ^ 
nation event simUar to that diagrammed in Rgure 6 is the 
pnncipal mechanisAi for loss of transgene expression in 
hne 1353^ mouse liver. Although one or more unit length 
Kpnl fragments remain after the deletion. mRNA analysis 
suggests that they are nonfunctional. 

If partial transgene deletion in indhridual hepatocytes 
accounts for loss of uPA expression and subsequent 
ctonalexpansion of affected cells, then homozygous trans- . 
gente mice (carrying two genomic copies of the transgene \ ^ 
array) should show a greatly reduced incidence of red nod- ) 
ule development In these mtee. the appearance of a red J 



(C) The same DNA samples used In (B) were digested with Koni The 
bto^as hyt^ized wijh both growth honnone'^^^;!?^^ 

^^'^V^T"^^ ^ 5 for this blot, but an 

earlier btot showed it to contain the typical 9 kb band. 



Hepatic Regeneration after Somatic Transgene Deletion 



^J^'^'^'" presumably require two inde- 

fr^ml^.'^c"*'®'* homozygotes (Rgure 1). Rve fivers 
Sit ^353-8mice were 

sena^fy sectioned and examined microscopically The 
numbers of macro and microscopic red foci observed in 
"^T ' ' ' ^' proximately 250. 

r^^°'''^-^®*°'^'""'"'«''>'hepatocytenuclei' 

ZLll "^"^^ P®' independent 
^sgene rearrangement events in fiomozygous liver 
cells, there were approximately 1.4 x lO-pSjuctiveZ 
SradL^^'w^" <^ Experimental Proca- 

ine a 1 calculation). Homozygotes from line 

1M4-6 almost never survive to be weaned, possibly due 
Z^^' ^'^^epWbili.y to neonatal bleeding ,n the on" 
homozygous mouse liver examined, no red foci could be 
ST^T^ .dentifled. Using the assumptions noted above 

ment n ' ^ _10>«>ductive rearrange! 

ments per cell division in WlR?i^ ® 

Clonal Hepatic Nodules Resemble 
Regenerating Liver 

2eS rJ^ ""ce suggested that these nodules repre- 
S« '"^ « remarkable or^ 

in U^at. following a toxic insult that causes hepatocellular 
f^^;- H?K^ """^ administration, or following par2a 
^io^l^^°r' ^""^"'"3 hepatocytes are i^ 
wSr^ai^^ r'^' ^PP^'^'-^ately 2 weeks the liver 
SLw^ ifp ^"^^ pretreatment mass 

Reviewed in Fausto, 1990; Michalopoulos. 1990) Heoato- 
cytes relieved from the deleterious etf^lSlM^S^ 
TZZ^l^T'^.'"'''' ^'^ expected lo^p^,:; 
mine the regenerative character of red liver 

nontrnT^"^" ^"^ transgenic line plus h«> 
nontransgenic control mice were administered PHlthm^ 

Sed With f "r ' '-er^- 
coated with a radiosensitive emulsion, devetoped and ex 

dergomg DMA synthesis (Table 3). The fraction of labeled 



nuclei was twice as high in red nodules as in white liver 
c««.sfent With a selective growth advantage nS 

otdv r r*"'- ^'^^^ also a:^,;SdT 

plOKly by flow cytometry. The percentage of liver nuctel 
c";:^T2."nrf was gTeaUyt 
liver parenchyma compared with controls (Table 3) TTtis 
suggests that red nodule cells were in a stage 
proliferationsuchasoccursafterrepeatedpaS^aJhtUS 
nuclei IS a more frequent event (Brodsky and Uryvaeva. 

a Jorm!l^T"!f ''''"^ parenchyma grows at 

a normal rate during early postnatal mouse devetepmerrt 
we compared liver weight as a percent of boSTwergW 
between line 1353-e and line 1944-6 transgenic miTrd 
nontransgenic littermate controls (data nofsJown) Al^g 
S^aro^ T'^^'^^ transgenic^el^ e^ 
line 1353-8 livers averaged 20% white, and line 1944-6 
Infers averaged 80% white, relative liver welgwJiJr?^ 

Mne 1353^ homozygotes. relative fiver weights resembled 

uTArp^UioTr "^^'^^ '""-"-^ 

tr^!„r ®- ^» 2 and 3 months when hemizraous 

transgenic livers appeared entirely red. relatlvJT^r 
weights remained nonnal ^ 

omJ^™ ^ P^'^ *irds) hepatec- 

tomy. Remaining I««r was collected between 24 and 

hr later and examined microscopicalfy.At24hr.nomito«^ 

jver populations, though at a much lower freque^^ 
whrte parenchyma (Table 3). Remarkably. nonheSr 
qjes throughout whfte portions Of the llverdWproKr 
Srvtd tr.-'^*"'^'""^'"''- cells we 

S^n an?! "r:"^? extending 
between and isolating largely nonproliferating hepatc^ 
c^es (data not shown), Thus, in addition to havlSJ a 
grater fraction of cycling cells than white lh«r. r^"ZeJ 
possesses the ability ,0 respond further to the strong mi- 




IMice 
Qontrot 



Uver Sample 



Nontransgenic 



% rHJTItymldlne-Labeled W 
Hepatocyte Nudet 



% Nuclei in Mitosis 
after Mepatectomy 



Line 1353-8 
Line 1944-6 



White 
Red 
White 
Red 




Mice ' I 

f^m^^^^^J:^*' ^ Bssue type. Ea^u^^^J^'^-''^'^':'^"'^^ number was esUmated by counU^ 
^ °> ""del dlsDlavino each pwJ^L^^ t*o whrte and lour red Hver samples from each^e. 
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totic stimulus of hepatectomy. Hepatocytes in white areas, 
although mitolicaliy competent, do not proliferate much 
above a basal level, either because they lack the ability to 
be stimulated fully or lack the ability to respond. 

Discussion 

In two lines of Alb-uPA Uansgenfc mice, loss of iransgene 
expressk>n in individual hepatocytes leads to oolycional 
replacement of the e^t;re liver by descgrjdents of those 
cells. The loss of transgene expressionap^ars to involve 
deletion of functional transgenes mediated by intrachro- 
mosomal recombination between transgene copies that 
are present in a linear array, although other mechanisms, 
iricluding mitotic recombination, gene conversion, or non- 
disjunction may less frequently generate transgene loss. 
The clonal proliferation of transgene-deficienl cells and 
the eventual loss of transgene-expressing hepatocytes im- 
ply that hepatocellular uPA production Is cytotoxic and 
that a very few cells, in some C9ses three or fewer, can 
effectively reconstitute functional liver mass once relieved 
from that toxicity. 

The principal ultrastructural defect that we have de- 
lected in white, transgene^xpressing liver is transforma- 
tion of a large portion of RER Into RER-bounded multwe- 
sicular bodies, a lesion unlike any described in human liver 
disease. Simflar ultrastructural changes have not been 
reported in transgenic mice expressing tissue plasmino- 
gen activator (Pittlus et al.. 1 988) or uPA (E. P. S., unpub- 
lished data) in mammary epithelium, suggesting that cer- 
tain characteristics specific to hepatocytes are necessary 
for the development of this lesion. An obvious^ candidate 
IS the hepalocyte's ability to produce th^uP^^substrate 
plascnioegeD. By viouepf their signal peptides, uPA, plas- 
minogen, and the pl&min substrate fibrinogen would all 
be synthesized at the surface of the RER. and all three 
would enter the same intracellular compartment. Activa- 
tion of a few molecules of uPA could iniliataa oas gadeof 
^TOteQlygts wit hi n th ft R £B, leading to intracellular degra- 
dation of fibrinogen and possibly other proteins that are 
either passengers within or intrinsic to the RER. The re- 
suiting diversion of RER from its roles in protein sorting 
and secretion and the cytoplasmic accumulation of RER- 
derfved multivesicular bodies may compromise the hepa- 
tocyte's ability to carry out important biochemical functions 
or to replicate. 

Two additional transgenic models of hepatic disease 
have been described in vjfhich the principal lesion appears 
to involve the hepatocyte secretory pathway. In humans, 
the most severe form of AAT deficiency disease is the 
result of a single amino acid substitutkm in AAT that Inter- 
feres with intracellular transport of the protein and results 
in accumulatk>n of unsecreted AAT In hepatocyte RER; 
similarty. transgenic mice expressing this mutant AAT 
gene display intracellular globules within the hepatocyte 
RER that contain mutant protein (Dycaico et al., 1988; 
Carison et al.. 1989). The most severely affected mice 
show retarded growth and multifocal hepatic inflammation 
and necrosis. Transgenic mice expressing the hepatitis 
B virus large envelope polypeptide under control of the 



albumin enhancer/promoter also develop liver lesions 
(Chisari et al.. 1985. 1987. 1989). Long filaments com- 
posed of hepatitis B surface antigen accumulate in smooth 
ER. leading to hepatocellular degeneration, focal hepatic 
necrosis, and hepatocellular carcinomas in adults. In Aib- 
uPA transgenic mice, hepatic vesicles do not contain visi- 
ble deposits of unsecreted protein of the types described 
in AAT or hepatitis 8 vims transgenics. Despite this differ- 
ence, expression of each transgene results in hepatocellu- 
lar injury and eventual death. 

Perhaps the most intriguing feature of liver disease in 
Alb-uPA mice is that some liver cells escape cytotoxicity 
by inactivating transgene expression. This fact explains 
much of the phenotype that characterizes young adult 
mice, including the development of red liver nodules, the 
lack of transgene expression in those nodules, and the 
subsequent recoveiy of clotting function. The mechanism 
responsible for the toss of cytotoxic transgene expression 
appears to be homologous recombination by which active 
transgene copies present in a linear array are deleted. We 
estimate thatthis xjccura in line 1353-8 mouse liver with a 
frequency crfl .4 x 10-^^er cell dngg^ o^^^y^hfit higher ' 
than the estimate of 2_x icr* recombinants n et cell divi- 
sion between two linked viral thymidine kinase genes pres- 
ent in the genome of mouse L cells (Liskay et al., 1 984) 
In line 1944-6. the upper limit of recombinatfon fr^uency 
is 2 X 10-*. 

There is no reason to expect that similar events do not 
occur in cells other than hepatocytes in Alb-uPA mice or 
among tandem copies of any transgene in other trans- 
genic mice. For example, transgene deletion may account 
for the appearance of human growth honnone (hGH)- 
negative ctones of small intestinal epithelial cells in mice 
bearing a fatty acid-binding protein-hGH fusion trans, 
gene, which was expected to direct uniform expression 
throughout the small intestine (Sweetseretal., 1988). This ' 
mechanism may also explain the escape of a small num- 
ber of differentiated cells from diphtheria toxin-Induced 
killing in two groups of transgenic mice in which diphtheria 
toxm expression was targeted to pancreatic adnar cells 
(Palmiter et al. , 1 987) or pituitary somatotropes (Behringer 
et al., 1988). However, before deletton events can be de- 
tected by a change in organ function or gross morphology, 
two conditions must be met loss of transgene expressiori 
must impart a selective advantage in growth or viability to 
affected cells, and the target tissue must permit amplifica- 
tion of these cells Jn ^liver, most mature he pato cytes can 
>iegntgr the rep ll p^tjo ncy ge in responsejoa current s 
amidentlfied stirauluajhat promotes liver r egenerati on fo_l- 
Jgwjng hepatectomy (Fausto. "l 990; Michal^^iHosriigo 
This regenerafivrcapacity coupled witii tiie preferential 
growth advantage of red nodule hepatocytes fulfill botii 
requirements. In this respect, it is interesting that hepatitis 
B surface antigen-negative foci and nodules devetop in 
older hepatitis B virus transgenic rhouse livers, although 
major transgene rean-angemenls were not observed in 
nodules (Chisari et al., 1989). 

One additronal line of transgenic mice has been reported 
to fulfill the two conditions listed above. We prevtously 
obsen^ed that expresston of the herpes simplex virus thy- 
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midine kinase gene in postmeiotic germ cells resuited In 
infertile sperm (Braun et aL. 1990). In the MyK-103 Irans- 
genie lineage, intrachromosomal recombination between 
two copies of a 5 kb sequence that was duplicated upon 
transgene Integration results in deletion of the herpes sim- 
plex virus thymidine kinase transgene from premeiotic 
germ cells (Palmiter et al., 1984; Wilkie and Palmlter. 
1987; Wilkie etal., 1991). Spermatozoa derived from these 
cells are viable and will restore male fertility if present in 
sufficient numbers. The frequency of rearrangement was 
estimated as 2 x 1 Q-' per cell division (Wilkie et al. . 1 991 ), 
10-fold higher than our upper estimate for recombinatiori 
rate in Alb-uPA mouse liver, In the DBA mouse, reversion 
of the dilute (</) coat color mutatton, which resulted from 
retroviral irtsertion in the d locus, occurs by recombination 
Ijetween viral long terminal repeats and excision of Irv 
tervening viral sequences (Seperack el ah. 1 988). The au- 
thors reported a recombination frequency in germline of 
about 5 X 10-« and in somatic cells of about 1 x 10-« 
(although only one of the latter events was observed). Sev- 
eral other examples in humans of DMA deletion or dupfica- 
tk>n following germline recombination have been reported, 
often resulting in disease (Nathans et aL. 1 986; Bakker et 
al., 1987; Darras and Francke, 1987; Lehrmanetal., 1987; 
HIggsetal.. 1 989; Vnencak-Jones and Phillips, 1990- Yen 
et al., 1990). 

The devetopment in Alb-uPA mice of clonal red nodules 
that ultimately reconstitute the entire liver mass highlights 
the tremendous regenerative capacity of liver cells. An 
Important Question concems the identity of the p rogftnitpr 
cellBinvnl>/ ect.A class of liver stem cells has been reported 
to exist among the terminal or transitional bile ductules 
that may proliferate in response to normal hepatocellular 
turnover or some forms of liver damage (reviewed In Sell, 
1990). Nevertheless, several observ ati ons suggest tha t 
jnatMre hfipatocytps are rnpahlft nf n^npratin q the red nnri. 
^ ules In Alh- iiEAtr ansgenic mice.D urlhgfepth' normal liver 
development and liver regeneratton following partial hepa- 
tectomy new hepatocytes arise from preexisting hepato- 
cytes (Fausto, 1990; Michalopoulos. 1990). Similarly, in 
PHJthymidlne^abeled Alb-uPA liver most of the label in 
lx>th white and red liver appears over hepatocytes. Rnally, 
even the smallest microscopic red foci are composed of 
cells with characteristic hepatocyte morphology that must 
be capable of undergoing many additional cell doublings 
to yield red nodules, some of which occastonally comprise 
almost the entire final fiver mass. Thus, a pool exists of 
proliferating mature cells with documented regenerative 
potential in which DNA rearrangements could arise; stem 
o appear unnecessary to account for frha phftnn rnenon. 
A second important question concems the regulation of 
cell growth within white and red Irver parenchyma. The 
lesion present in white liver apparently triggers a signal 
. that Indicates a deficit in functional liver mass, because 
red nodule cell populations are induced to expand. The 
lack of compensatory growth by white liver hepatocytes 
suggests that they are less able to respond to this signal. 
The same result follows partial hepatectomy; however, 
nonhepatocytes in white tissue do proliferate, indicating 
that their response is both unimpaired and uncoupled to 



hepatocyte replication. The nature of the signal that initi- 
ates liver regeneration Is unknown, but our findings sug- 
gest that it is not liver weight or cell number because these 
values are not significantly,decreased in transgenic mice. 
Rather, there must be some indicator of liver function in- 
volved. It is tempting to speculate that loss of steady-state 
secretion of a factor produced by liver stimulates regenera- 
tion, given the secretory pathway defect in uPA-express- 
ing hepatocytes. However, other alterations in liver func- 
tion could also have a role. Excess circulating uPA is 
present for as long as white Iwer tissue remains In these 
mice, but we have no evidence that this directly influences 
regeneration. RnaJly. once red liver nodules have re- 
placed white tissue, proliferation ceases. This indicates 
that red liver tissue satisfies the demand for functional liver 
mass and that it can respond appropriately to the signal 
indicating that regeneration is complete (Fausto, 1990" 
Michatopoulos, 1990). 

Although an unexpected finding, the sequential devel- 
opment of molecular and morphological changes in Alb- 
uPA mouse livers has provkJed a means to study both 
somatic recombination and liver regeneration. The liver 
phenotype demonstrates the remarkable devetopmental 
potential of liver cells, since a few cells can effectively 
repopulate an entire organ. We can now employ this model 
to study the signals involved In liver regeneration and the 
nature of the responsive cells. 

Experimental Procedures 

Production and Identification of Transgenic Mice 
The Alb-uPA transgene was constructed as described previously 
(Hecke* et al.. 1990). Briefly, a 2.5 kb fragment containing Juxtaposed 
mouse albumin enhancer and promoter elements was fused to a 6.4 
kb fragment containing the mouse uPA genomic coding sequence with 
3' noncoding ONA and a pofy(A) addition site provided by the hGH 
gene. The resulting fusion construct was introduced into fertilized 
mouse eggs (Brinster et al. . 1 985). and transgenic mice were identified 
as described (Meckel el al.. 1990) using a probe specific for the hGH 
sequence. Homozygous transgenic mice were identified by quantita- 
twe dot hybridization or. in some cases, by phenolype. The two lin- 
eages described in this report have been assigned the following ge- 
netic designations: line 1353-8. Tg(Alb-1.Plau)Bri144 and line 1944^ 
Tg(Alb-1 .PIau)Bril45 (Heckel et al., 1990), 

Tissue Collection and DAIcroscopic Examination 
Uver was fixed in 10% neutral buffered formalin, processed, embed- 
ded in paraffin, cut into 5 urn thick sections, and stained with hematoxy. 
rtn and eosin according to standard methods. Some sections were 
osmicated prior to processing to preserve lipid. The entire liver from 
each of six homozygous transgenic mice was fixed and sectioned at 
6 urn; every eighth section was examined microscopically, and the 
number of red foci per liver was counted. For electron microscopy 
l»ver was fixed by immersion In cold 3% glutaraldehyde prepared In 
Millonlg-s buffer. The tissue was postfixed In osmium tetroxide, pro- 
cessed into LX-1 12 (Ladd) by routine techniques, stained with uranyt 
acetate and lead citrate, and examined on a Phillips 400 transmission 
electron microscope. To identify cells undergoing DMA synthesis, 80 
uCi of PHJthymtdine (Amersham) was injected intraperitoneally into 
several mice, and mice were sacrificed 1 hr later. Fixed liver sections 
were coated with nuclear track emulsion, developed after 22 days, and 
stained with hematoxylin and eosin. Dark grains were visible over 
nuclei that had retained PH]thymidine. Partial (two thirds) hepatectomy 
was perfomned on anesthetized mice by removing the left and median 
river lobes. Uver was collected at various times after surgery and pro- 
cessed as described above. 
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Liver Perfusion and Hepatocyte IsolaUon 
Hepatocytes were Isolated using a modification of the method of Soda 
and Tavassofi (1984). Mice were anesthetized with tribromoelhanol 
(AJdnch). and the portal vein was exposed through a ventral midline 
abdominal incision. A fluid^fined 24 gauge 3/4 inch catheter (Abbocath. 
Abbott) was inserted into the portal vein and held in place with a 1 inch 
alligator dip. then the heart was exposed and an incision made into 
the nght atnum. Twenty mfllimers of 37«»C perfusion buffer containing 
EGTA (137 mM NaQ. 4.69 mM KQ, 1.17 mM KH2PO^ 0.65 mM 
MgSO* 7H^, 1.0 mM EGTA. 10 mM HEPES IpH 7.4© followed by 10 
ml of an enzyme solution (0.5 mg/ml coBagenase type I [Sigmal, 0.1 
mg/ml hyaluronidase type IV ISIgma). 66.7 mM NaCI. 6.70 mM KCI. 
4.76 mM Caa,-2H^. 100 mM HEPES (pH 7.6D were slowly Intro- 
duced into the catheter and passed mroogh the liver. Individual large 
red nodules were isolated from surrounding liver, minced with razor 
blades, placed into 10 ml of the enzyme solution that also contained 
0.001% DNAase I (Worth ington). and shaken gently at 37*C for 15 
mm. Each cell suspension was allowed to stand for 5 min in a 15 ml 
graduated conical tube (Falcon) to allow clumps of cells to setUe. and 
the supernatant was centrifuged at 50 x g for 3 min. The hepatocyte- 
enriched pellet was resuspended In 4 ml of PBS containing 0^% 
BSA and layered over a two-step metrizamide gradient (2 ml of 15% 
metrizamide [Sigma] in 0.25% BSA. 75 mM KCI. 1.25 mM CaCI,. 10 
mM HEPES |pH 7.61, layered over 2 ml of 30% metrizamide in the 
HEPES buffer) and centrihiged at 1500 x g for 40 min at 4*»C. The 
large cells present at the 1 5%-30% metrizamide interface were rinsed 
in PBS containing 0.5% BSA, lysed in SET buffer (1% SDS, 5 mM 
EDTA, 10 mM Tris-Ha |pH 7.4D containing 100 |ig/ml proteinase K 
(Boehringer Mannheim), and prepared for Southern blot analysis as 
described below. Between 4 and 20 x 10» cells were obtained from 
individual red liver nodules with 50%-eo% viability as determined by 
trypan blue exclusion and with less than 3% contamination by small 
celts (nonhepatocytes). 

Flow Cytometric Analysis of Hepatic Nuclei 
Samples of liver were placed in freezing medium (DMEM |Glbco) with 
20% FCS and 10% dimethyl sulfoxide) and frozen over liquid nitrogen. 
For analysis of ploidy. samples were thawed, minced In 0.1 % Nonidet 
P-40. 2 mM CaCt. 20 mM MgQ^. 10 tig^il 4.6<fiamidino-2^>henylin. 
dole. 0.1 M Tris-Ha (pH 7.4). then passaged through a 25 gauge 
needle. Samples were analyzed on a Becton-Dlckinson FACS ana- 
lyzer, and data were conected and analyzed on a DEC LS1 11/23 com- 
puter. 



ainlcal Chemistry and Plasma uPA Measurement 
Blood was collected from the retroK>rbital sinus in heparin-coated he- 
matocrit tubes and centrifuged to separate plasma from cells. Plasma 
was analyzed for total protein, albumin, total bilirubin, and alanine 
aminotransferase acthrity on a Kodak Ektrachem 700 analyzer. Urine 
protein concentration was delennined using Bili-Labstix reagent strips 
(Miles). Plasma was assayed for plasminogen activator concentration 
by a zymographic analysis as described (Heckel et al.. 1990). Briefly. 
^a»na proteins were electrophoreticatly fractionated on nonredudng 
SDS-^acrylamide gels cast with nonfat dry midc and human plasmlno- 
gen. Gels were washed in Triton X-lOO, incubated in glycine buffer, 
and stained with amido black to detect caseinolytic actMty. 

mRNA Measurement 

Transgene^errved uPA. plasminogen, albumin, and a-fetoprotein 
mRNA levels were measured in liver RNA extracts using a quantitative 
solution hybndization assay and synthetic oligonucteollde probes as 
described (Heckel et al.. 1990). except the hybridization mixtures for 
albumin and a-fetoprotein assays contained 10% formamkle and were 
hiw^ted at 45»C. Transgene mRNA was detected using an oligonu- 
deotide complementary to the hGH sequence (Heckel et al., 1990). 
Remaining mRNA species were detected using the folkwing oli^nu- 
cteottdeprobes: plasminogen. 5'-TGT6CTTATGTAGCCATCCAGCGA- 
rZ^X^ ^ ^ - albumin. S'^ACCCCTGGAAAAAGC- 

A^iT^^^ ^ a-fetoprotein. 5'<rrAACGTGQAAGCTATCCCAA- 
^ ^® calculated as described (Heckel et 

al., 1990). 



Southern Blot Analyses 

For Southern blot analysis, samples of liver or kidney were homoge- 
nized in SET buffer containing lOO ng/ml proteinase K, and DNA was 
prepared as described (Palmiter el al.. 1 982). DNA (5 ng) wasdlgested 
with restricUon enzymes, electrophoresed on 0.7% agarose, and trans- 
ferred to nitrocellutose. Filters were hybridized with a nick-translated 
Bglll-EcoRI fragment from the hGH gene to detect transgene and a 
Sstl-EcoRV fragment from the murine Hox.7.4 tocus. 

Calculation of Transgene Rearrangement Frequency 
Transgene rearrangement frequency was calculated using the two- 
mutation model for embryonal cancers devetoped by Hethcote and 
Knudson (1978). The rate of transgene rearrangement per cell division, 
u, can be expressed as 

li » [n/N(/nN - l)p 

where n is the mean numl>er of regenerative foci per liver in homozy- 
gous mice (carrying two copies of the transgene array), and N equals 
the total number of hepatocytes per liver (mocfified from equation 7 in 
Hethcote and Knudson. 1978). We assume independent transgene 
rearrangement events in homozygous cells and no change in cellular 
fitness following inactivation of the first transgene array. Three 4- to 
6-weekK3ld homozygous mouse livers were weighed, and a piece of 
known weight was removed from each and homogenized in SET buffer 
containing 100 ng/ml proteinase K. DNA concemrations were mea- 
sured as described (Hammer et al.. 1 985). These values were used to 
detennine the DNA contem per liver and then the average number of 
hepatk: nuclei (3.4 x lO""). assuming 6 pg of ONA per diploid mouse 
nucleus. If 40% of hepatic nuclei represent nonhepatocytes (Fausto. 
1990), then there were 2.1 x 10» hepatocyte nuclei per homozygous 
mouse liver. There was an average of 71 (range 11-250) red foci per 
river in five 4.5- to &weekH>W line 135M homozygotes. For N = 2 1 
X 10*andn = 71. |i » 1.4 x 10-* (range for variable n. 5 x 10-*lo 
2.6 X lOr-). In one Smveek^M line 1944-6 homozygoto there were 
no apparent red liver fod. giving »i< 1.6 x lO*. Each calculated n 
represents a minimum estimate, since very small red foci may not 
have been counted, and livers from homozygotes that did not devetop 
edema and that appeared to contain a greater number of red foci were 
not sectioned for determinatk>n of red focus numt>er. 
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ABSTRACT We have developed a system for studying 
hepatocellular growth potential in which liver cells are intro- 
duced into the diseased livers of albiunin-nrokinase (Alb- 
uPA) transgenic mice. To use this system to study xenogeneic 
ceil transplantation, rat liver cells were introduced Into 
Inununotolerant Alb-nPA transgenic mice. In regenerated 
redplent livers, up to 100% of hepatocellular gene expression 
was of rat origin, demonstrating the creation of a functional 
mouse liver in which parenchyma is derived from xenogeneic 
(rat) hepatocytes. Inununotolerant Alb-uPA transgenic mice 
provide a tool for studying hepatocellular biology of any 
species, including humans, in a controUed expmmental setting. 



We have developed a transgenic mouse system to assess the 
regenerative capacity of hepatocytes. In this system, albumin- 
urokinase (Alb-uPA) transgenic mice are recipients of donor 
mouse hepatocytes. The transplanted hepatocytes grow within 
the Alb-uPA liver (1), replacing transgene-expressing hepato- 
cytes that are functional^ compromised by transgene expres- 
sion (2). Using this approach, we demonstrated that hepato- 
cytes from adult liver have extensive replicative potential (1). 
The growth of the transplanted cells was nodular and clonal 
and occurred over several weeks. The resulting fully regener- 
ated livers were chimeric, composed both of donor-derived 
cells and of host-derived cells that had deleted transgene DNA 
and therefore no longer expressed the transgene. Like trans- 
planted hepatocytes, these host-derived ceUs also had a growth 
advantage relative to transgene-expressing hepatocytes and 
expanded in a nodular fashion (termed "red nodules"), com- 
peting with the donated hepatocytes. In hemizygous transgenic 
animals, transgene inactivation is a relatively frequent event, 
often resulting in hundreds of clonal nodules in young hem- 
izygous mice (2); complete replacement of the transgenic liver 
by the clonal expansion of these nodules occurs by 8 weeks of 
age. By comparison, in homozygous mice, transgene inactiva- 
tion is a less conunon event, consistent with the fact that two 
transgene arrays must be inactivated. Qonal nodules are rare 
in young homozygotes and, as a consequence, transgenic Uver 
persists longer. Thus, hepatocyte transfer into homozygous 
Alb-uPA mice would be ideal for assessing liver cell 'growth; 
the lack of competition from red nodules should aUow the 
donated cells to completely replace the recipient liver. 

Because Alb-uPA transgenic mouse liver supported the 
growth of transplanted mouse hepatocytes (1), we hypothe- 
sized that immunotolerant mice would support the growth of 
transplanted hepatocytes from other species. For initial studies 
of xenogeneic cell transplantation, we chose to donate liver 
cells from the rat, the species most often used to study liver 
growth and development. Rat liver cells present several ad- 
vantages as donor cells. Protocols exist to produce well-defined 
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liver cell populations, which could be separately transplante 
into Alb-uPA transgenic mice. The ability of each populatio 
to repopulate diseased recipient mouse liver would indicai 
both the replicative and lineage potentials of each dass of eel 
Furthermore, transplantation of nonhepatocytic cells inl 
Alb-uPA transgenic mice might enable us to detect and 1 
characterize hepatic stem cells, the existence of which remaii 
controversial (3-5). Finally, if this method were feasibi 
AlbruPA transgenic mouse livers repopulated with xenogene 
hepatoc3rtes would be valuable tools for studying liver biolog 
of other species, including humans, in a codtroUed, in vh 
experimental setting. 

MATERIALS AND METHODS 

Generation of Inununotolerant Alb-uPA Transgenic Mic 
To generate immunotolerant Alb-uPA transgenic mice, w 
crossed Alb-uPA transgenic mice (2) with Swiss athymic, nuc 
(nu/nu) mice (Taconic Farmis). Transgenic mice were ident 
fied by dot blot hybridization of tail DNA as described (2 
Hemizygous transgenic nu/nu mice and homozygous tran 
genie rm/nu mice were generated by breeding hemi^goi 
transgenic 7tu/+ females with hemizygous transgenic nu/n 
males. Initially, homozygous mice were distinguished fioi 
hemizygous mice by quantitative dot hybridization by measu 
ing the ratio of radioactive probe annealed to duplicate do 
after hybridization to either a transgene probe (800-bp B, 
ll-^coRl fragment from the human growth hormone gene) c 
an endogenous gene (4-kb fragment from the Hoxa locus 
Subsequently, we took advantage of the observation th: 
insertion of the transgene resulted in a deletion of endogenoi 
DNA at the site of integration. An easier test of homozygosii 
was devised in which duplicate dots were hybridized with 
transgene-specific probe (fragment from the human growl 
hormone gene) (as above) or a unique probe (550-bp Banih 
fragment) derived from the deleted region. 

Liver Cell Isolation and Transplantation* Rat liver eel 
were isolated from 3- to 6-week-old female Sprague-Dawlc 
rats (Taconic Farms) by two-step EDTA/collagenase perfi 
sion usmg a protocol modified from Klaunig et at (6). In tl: 
isolation procedure, liver cell suspensions were centrifuge 
twice at 50 X ^ to enrich for hepatocytes. CeU viability wa 
determined by trypan blue exclusion and ranged from 50% 1 
90%. After isolation, liver cells were kept on ice and tran 
ferred within 2 hr. liver cells (1-2 X 10^) were transplante 
into recipient mice between 10 and 15 days of age by intn 
splenic injection as described (1). 

Detection of Rat-Specific DNA and mRNA. Rat and mous 
DNAs were distinguished using a restriction fragment lengi 
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. olymorphism in the phenylethanolamine N-methyltransfer- 
ose gene. Genomic DNA (6 /ig) was digested with Pst I, electro- 
phoresed through a 0.7% agarose gel, transferred to nitrocel- 
lulose, and hybridized with a 449-bp probe specific to exon 3 
of the mouse phenylethanolamine N-methyltransferase gene 
(7). Fragments of different sizes were seen in rat and mouse 
control livers. In samples containing both rat and mouse DNA, 
the relative amount of rat DNA was calculated from the 
intensity of the radioactivity hybridized (determined using a 
Molecular Dynamics Phosphorlmager) to the rat and mouse 
Pst I fragments using a standard curve generated by mixing 
various amounts of mouse and rat DNA, A 10% contribution 
of rat DNA was detectable. 

Mouse and rat transferrin mRNAs were measured by solu- 
tion hybridization using end-labeled oligonucleotides com- 
plementary to sequences in the 3 '-untranslated regions of the 
mRNAs (8). The mouse probe (no. 415) was 5'-AAGGCA- 
CAGCAGCGAAGACTACAC-3', which differs in eight po- 
sitions (underlined) from the rat probe (no. 422), which was 
5'-AACACACAGC:AGIGAAGACG£zACA-3'. The rat se- 
quence was derived from our own sequence of the 3'-untrans- 
lated region of rat transferrin cDNA, which differed substan- 
tially from the published sequence. The hybridization mixture 
contained 10% (vol/vol) formamide and about 10,000 cpm of 
either probe. After incubation for ««20 hr at 45°C, the non- 
hybridized probe was eliminated with Si nuclease, and the 
protected probe was precipitated with trichloracetic acid and 
collected on a Whatman GF/C filter for scintillation counting. 
Standard curves were made from normal mouse and normal 
rat liver nucleic acids. There was no cross-hybridization of the 
mouse probe with rat transferrin mRNA or vice versa. The 
sensitivity of the assay was sufficient to detect a. 1% contri- 
bution of rat transferrin mRNA in a mouse liver sample. 

Immunohistocheiiiiistry. Indirect inmiunostaining of liver 
sections was adapted from ref. 9. Mouse monoclonal antibody 
(mAb) 258.26 is reactive with rat hepatocytes; gaAb 18j l is 
reactive with rat bile ducts (10). The secondary andserumwas 
affinity-purified goat anti-mouse inununoglobulin conjugated 
with horseradish peroxidase (Sigma). Frozen sections, 10 
thick, were air-dried and fixed for 10 min in 100% acetone at 
4**C. Sections were then washed in phosphate-buffered saline 
(PBS) and incubated with the primary antibody for 45 min at 
room temperature. The sections were then washed in PBS, 
incubated in 1% goat serum for 5 min, and incubated with a 
1:100 dilution of the secondary antiserum for 45 min at room 
temperature. The sections were washed for 20 min in PBS and 
then incubated for 2 min with the chromogen 3,3'- 
diaminobenzidine. The sections were then lightly stained with 
Mayer's hematoxylin. Parallel sections stained only with the 
secondary antibody were negative (data not shown). Immu- 
nohistochemical detection of rat hepatocytes was confirmed 
using another rat-specific hepatocyte antibody, mAb 362.50 
(11) (data not shown). 

Liver was immunostained for a2u-globulin protein based 
upon the procedure described in ref. 12 using the IgG fraction 
of a polyclonal rabbit antiserum to aau-globulin (a generous 
gift of A. Roy, University of Texas Health Science Center at 
San Antonio). Tissues were fixed in neutral-buffered formalin 
and embedded in paraffin for sectioning. Slides were depar- 
affinized and blocked with 3% (vol/vol) swine serum for 30 
min, followed by incubation with the primary antiserum for 30 
min at room temperature. Sections were washed in PBS. The 
primary antibody was detected using a peroxidase-antiperoxi- 
dase kit (Dako) according to the manufacturer's instructions. 
Treated sections were incubated with 33'-diaininobenzidine 
for 2 min and lightly counterstained in Mayer's hematoxylin. 
Parallel sections incubated with only secondary antibody were 
negative (data not shown). Control rat liver was taken from 
male rats »>65 days of age. 



RESULTS 

Repopulation of Alb-nPA Transgenic Mouse liver with Rat 
Hepatocytes. Rat liver cells were transplanted into the livers of 
immunotolerant (nu/nu) Alb-uPA transgenic mice that were 
either hemizygous or homozygous for the transgene. Unless 
otherwise specified, recipient mice were killed, and their livers 
were analyzed when liver regeneration was nearly complete — 
that is, when the liver was <10% transgenic by gross inspec- 
tion. fTransgene-expressing liver had a characteristic pale 
white gross appearance (2), making it readUy distinguishable 
from nontransgenic liver.] For hemizygous animals, this oc- 
curred between 6 and 8 weeks of age; for homozygous animals, 
this occurred between 10 and 14 weeks of age. At the time 
transplanted livers were examined, the recipient nuce were 
clinically healthy (one homozygous mouse died at 10 weeks of 
unknown causes) and indistinguishable from nontransgenic 
nu/nu mice maintained in our colony. Serum albumin and 
total protein levels for both hemizygous and homozygous 
transgenic recipients were similar to transgenic nontrans- 
planted and nontransgenic controls (data not shown). 

Growth of transplanted rat liver cells could be detected in 
homozygous transgenic livers by gross inspection (Fig. 1) 
because of differences in color. At 8 weeks of age, homozygous 
transgenic livers that had not been transplanted with rat liver 
cells were completely pale in color, or "white** (Fig. L4). In 
contrast, homozygous transgenic livers transplanted with rat 
liver cells were white and red (Fig. IB); the latter resembled 
normal liver parenchyma (Fig. IC), suggesting that these areas 
were composed of donor-derived rat liver cells. Red areas were 
multifocal and often nodular in shape, suggesting that numer- 
ous transplanted rat liver cells had engrafted and had begun to 
grow in the same nodular fashion as transplanted mouse liver 
cells (1). Completely regenerated homozygous transgenic liv- 
ers resembled normal mouse livers in color, shape, and size 
(Fig. LD). In hemizygous livers transplanted with rat liver cells, 
the growth of rat-derived cells was not discernible by gross 




Fig. 1. liver regeneration in homozygous transgenic nu/nu mice 
transplanted with rat liver cells. (A) Nontransplanted, homozygous 
transgenic control liver (8 weeks). The liver is uniformly pale in color, 
or white, due to the expression of the hepatotoxic transgene (2). (B) 
Partially regenerated homozygous transgenic nu/nu liver transplanted 
with rat liver cells (8 weeks). The partially regenerated liver contains 
white areas and nodular areas that are the color of normal liver (i.e., 
red). (C) Nontransgenic control mouse liver. (D) Completely regen- 
erated homozygous transgenic nu/nu liver transplanted with rat liver 
cells. This liver is similar in color, shape, and size to the control mouse 
liver shown in C 
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Unspection (data not shown) because rat-derived liver resem- 
bled mouse liver derived from transgenic hepatocytes that had 
inactivated the transgene (2). The liver-to-body weight ratio of 
transgenic mice transplanted with rat liver ceUs was similar to 
that of nontransgenic control mice (6.8% ± 1.0%, n = 16; and 
5.8% ± 0.6%, n = 10, respectively). 

Rat DNA was detected in hemizygous and homozygous mouse 
livers by Southern blot hybridization (Fig. 2). Restriction frag- 
ments of different si2es were detected when mouse versus rat 
DNA was digested with Pst I and hybridized to a probe specific 
to exon 3 of the mouse phenylethanolamine N-methyltransferase 
gene. The rat-specific restriction band was detected within re- 
generated liver from both hemizygous and homozygous trans- 
plant recipients (Fig. 2). In hemizygous liver samples, the intensity 
of the rat DNA band varied considerabty, ranging from unde- 
tectable to comparable to that of homozygous liver samples (Fig. 
2). Quantitation of the Southern blot DNA bands demonstrated 
that up to 56% of the DNA in some liver samples was of rat origin. 

Rat hepatocytes were detected immunohistochemicalfy 
within transplanted livers using a mAb that did not stain mouse 
hepatocytes (Fig. ^A) but strongly stained rat hepatocytes 
(Fig. 3B). No stainmg of bile ducts or vessels was evident (Fig. 
3B). Regenerated hemizygous livers that had been trans- 
planted with rat liver cells showed stained and unstained areas 
^ (Fig. 3 C and D). The unstained areas, which were nodular in 
shape, were most likely composed of mouse hepatocytes that 
had inactivated the transgene (1). Regenerated homozygous 
liver showed extensive staining (Fig. 3 E and F), suggesting that 
it was composed predominantly of rat hepatocytes. Unstained 
areas were seen within regenerated homozygous liver aroimd 
portal tracts, suggesting that these areas were composed of 
residual host-derived cells (Fig. 3F). The biliary epithelium 
within portal tracts did not react with a mAb specific for rat 
bile ducts, suggesting that the biliary tree was of mouse origin 
(data not shown). 

Detection of Rat Gene and Protein Expression in Rat- 
Mouse Chimeric Livers. To detect rat gene expression in the 
rat-mouse chimeric livers, we analyzed transferrin gene tran- 




Fig. 2. Southern blot analysis of regenerated liver from transgenic 
nu/nu mice transplanted with rat liver cells demonstrating the pres- 
ence of rat DNA Liver samples were taken from regenerated areas of 
hemizygous (+/-) and homozygous (+/+) transgenic nu/nu mouse 
livers transplanted with rat liver cells and analyzed for rat DNA by 
Southern blot hybridization. Fragments of different sizes were de> 
tected in rat (R) and mouse (M) control livers. In transgenic liver 
samples containing both mouse and rat fragments, note the diminished 
intensity of the mouse liver fragment relative to spleen. -/-, Non- 
transgenic; +/—, hemizygous for the transgene; homozygous for 
the transgene. 




Fig. 3. Imnaunohistochemical detection of rat hepatocytes in 
regenerated hemizygous and homozygous transgenic nu/nu mouse 
livers transplanted with rat liver cells. {A-F) Frozen sections of liver 
immunostained with a mAb aga inst rat hepatocy tes and counter- 
stained with hematoxylin. (/4) (Jontrol nontransgenic mouse liver. 
Occasional hepatocytes are li^tly stained. {B) Control rat liver. All 
hepatocytes are strongly stained. An arteriole (a) and bile duct (b) 
within a portal tract are not stained. (Q Hemizygous transgenic n«//iii 
mouse transplanted with rat liver cells. Rat-derived (r) stained areas 
and mouse-derived (m) unstained areas are evident. At the boundary 
t>etween the two areas, stained and unstained hepatocytes intermingle, 
without a sharp boundary. No compression of cells, as is often seen in 
expanding tumors, is evidenL (D) Hemizygous transgenic nu/nu 
mouse transplanted with rat liver cells. The unstained, mouse-derived 
(m) areas are nodular in configuration and are separated from one 
another by areas of rat (r) cells. (£) Homozygous transgenic nu/nu 
mouse transplanted with rat Uver cells. All cells are stained. (F) 
Homozygous transgenic nu/nu mouse transplanted with rat liver cells. 
Unstained portal areas (p) are grouped around large areas composed 
of rat hepatocytes (r). Q\-C and £, x75; D and F, x40.) 

scripts using probes that could distinguish between rat and 
mouse transcripts; rat transferrin mRNA levels were expressed 
as a percentage of total transferrin mRNA detected (rat plus 
mouse). Transferrin mRNA analysis was performed on ran- 
domly selected samples of regenerated (i.e., red) liver from 
hemizygous and homozygous transgenic recipients. In regen- 
erated liver samples from hemizygous recipients, the percent- 
age of transferrin transcripts of rat origin varied considerably, 
ranging from <1% to 92% (n = 12). In regenerated liver 
samples from all three homozygous animals analyzed, 90- 
100% of the transferrin transcripts were derived from the rat 
[n = 14). The average percentages ± SD for each of the three 
homozygous mice were 98.5% ± 2.1%, n = 2; 983% ± 0.9%, 
rt = 3; and 96.1% ± 4.7%, n = 9. Lower levels of rat transferrin 
mRNA were seen in those areas of liver containing residual 
white, nonregenerated liver. For example, one area of pre- 
dominantly white liver from the specimen shown in Fig. \B 
showed 70% rat transferrin mRNA. (The origin of the rat 
transcripts in this specimen was unclear, although they were 
presumably from contaminating rat hepatocytes). The repro- 
ducibly high repopulation of homozygous transgenic Iwer by 
rat liver cells is consistent with the fact that homozygous 
animals, unlike hemizygous animals, do not generate many 
mouse-derived red nodules. 
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The percentage of rat mRNA detected in recipient livers 
showed a linear correlation (r = 0.9757) with the percentage 
of rat DNA detected (Fig. 4). As the rat transferrin mRNA 
detected in liver samples approached 100%, the rat DNA 
approached 60%, the percentage of hepatocytes in normal 
liver. No rat transferrin mRNA was detected with the rat probe 
in. either nontransgenic nu/nu livers or in nonimmunosup- 
pressed (non-nu/nu) transgenic livers transplanted with rat 
liver cells (data not shown). 

Rat protein expression was detected by immunohistochem- 
istry using antiserum to the rat liver protein, a2u-globulin (12). 
In the rat, a2o-globulin is synthesized by hepatocjrtes, secreted 
into the blood, freely filtered by the kidney, and reabsorbed by 
renal tubular epithelial cells (13, 14). In normal rat hver, 
a2u-globulin was detected within the hepatocytes around the 
central vein (Fig. 5 A) in a pattern consistent with previous 
observations (12). In rat-mouse chimeric livers, a2u-globulin 
was detected in rat-derived areas (Fig. 5B) in a pattern similar 
to that of normal rat liver (Fig. S4). While no a2u-globulin was 
detected in control mouse kidneys (Fig. 5C), it was detected in 
the renal tubular epithelial cells of a transgenic mouse trans* 
planted with rat liver cells (Fig. 5D). 

DISCUSSION 

To extend the usefulness of the Alb-uPA transgenic mouse 
model for studying liver cell growth, we introduced the Alb- 
uPA transgene into immunotolerant nu/nu mice. Transplant 
tation of rat liver cells into these mice resulted in the complete 
reconstitution of mouse liver with rat hepatocytes. This is a 
remarkable demonstration that a functional liver can be 
formed from transplanted xenogeneic hepatocytes and sug- 
gests that Alb-uPA mouse livers can be reconstituted with 
hepatocytes from a range of species. 

Transplanted rat hepatocytes responded to the Alb-uPA 
mouse liver environment and divided, replacing the transgenic 
parenchyma. Rat hepatocytes also responded to mouse mod- 
ulatory influences, since the rat-mouse chimeric livers were of 
similar size to mouse control livers. These observations suggest 
that rat hepatocytes produced surface proteins that could 
interact appropriately with soluble mouse factors, with extra- 
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Fig. 4. . Rat gene expression versus rat DNA in regenerated liver. 
Samples of regenerated liver from hemizygous (O) and homozygous 
(O) transgenic nu/nu mice transplanted with rat liver cells were 
analyzed for rat and mouse transferrin mRNA and for rat DNA. The 
percentage of rat transferrin mRNA was plotted as a function of rat 
DNA detected in the same sample. There was a linear correlation 
between the proportion of rat transferrin mRNA and rat DNA 
detected (r = 0.9747). The line {y = l3Sx + 14.90) represents the best 
fit as determined by regression analysis. Note that as the level of 
transferrin approaches 100%, the proportion of rat DNA approaches 
60%, the estimated percentage of hepatocytes in mouse liver. The 
DNA of a third homozygous mouse liver was too degraded for analysis; 
mRNA from the same liver showed that 100% of the transferrin 
mRNA was rat derived (solution hybridization does not require 
full-length message). 




Fig. 5. Immunohistochemical detection of rat a2u-globulin protein 
expression in transgenic mice. Formalin-fixed, paraffin-embedded 
sections of liver or kidney were immimostained with a polyclonal 
antiserum against rat crzu-globulin and counterstained with hematox- 
ylin. (/4) Control rat liver. Central veins (v) are designated. {B) Liver 
of hemizygous transgenic nu/nu mouse transplanted with rat liver 
cells. Shown is a rat-derived area (r) in between two mouse-derived 
areas (m). In the rat-derived area, note the p>erivenous distribution of 
cr2u-globulin protein expression. This distribution is similar to that of 
the control rat liver shown in A (Q Control mouse kidney. Renal 
tubules are indicated with arrows. (D) Kidney of hemizygous trans- 
genic nu/nu mouse shown in B. Renal tubules are indicated with 
arrows, (a and B, X40; C and A >^75.) 

cellular matrix, and with surface proteins on other mouse liver 
cells. 

liver function was normal in both hemizygous and homozy- 
gous transgenic mice transplanted with rat liver cells. In some 
hemizygous animals, analysis of transferrin transcripts sug- 
gested that the majority of liver function was supplied by mouse 
hepatocytes. In homozygous animals, on the other hand, over 
90% of hepatocellular gene expression was rat derived. Rat 
hepatocytes must therefore be supplying the liver function of 
these animals. Since total serum protein and serum albumin 
levels in animals with rat-mouse chimeric livers were similar 
to levels in mouse controls, it follows that synthesis of serum 
proteins by rat cells was appropriately regulated. Finally, the 
clinical health of the animals suggested that rat hepatocytes 
were performing other important hepatocellular ftinctions, 
such as intermediate metabolism and detoxification of organic 
wastes, at a level appropriate to the mouse, and that the 
secreted rat hepatocellular proteins were functional in the 
mouse. 

Transplanted rat hepatocytes appeared to grow between the 
existing portal tracts of the recipient livers, just as did trans- 
planted mouse liver cells m previous transplantation experi- 
ments (1). In regenerating livers, portal triads were found not 
within nodules of donor-derived hepatocytes but on the pe- 
riphery of the regenerating nodules, in host liver areas. In fully 
regenerated livers, portal tracts appeared to contain vestiges of 
host-derived parenchyma (Fig. 3jF^, suggesting that these por- 
tal tracts were those of the recipient liver. Further support that 
portal tracts were derived from the recipient mouse comes 
from the observation that the biliary ducts, a component of 
portal tracts, did not react with a rat-specific bile duct antibody 
(data not shown). It follows that other portal tract compo- 
nents, including vessels and associated connective tissue cells, 
are also most likely of mouse derivation. This is consistent with 
the observation that only 56% of DNA was rat-derived in livers 
showing nearly 100% rat hepatocellular gene expression. 
Presumably the mouse-derived DNA comes from nonhepato- 
cytes including endothelial cells, biliary epithelial cells, and 
fibroblasts. Thus we have derived livers in which hepatocytes 
are derived from one species, the rat, and biliary epithelial ceUs 
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and presumably other accessory cells are derived from a 
second species, the mouse. 

The generation of mice with livers composed of rat hepa- 
tocytes provides an approach for understanding differences in 
the biology of rat and mouse liver. For example, after partial 
hepatectomy, peak mitoUc activity of hepatocytes is delayed by 
24 hr in mouse liver compared to rat liver (15). It is unclear 
whether this difference in growth response is due to intrinsic 
differences between mouse and rat hepatocytes or due to 
differences in the liver environments in the two species. If the 
growth response to partial hepatectomy of mouse livers re- 
constituted with rat hepatocytes resembles that of rat livers, 
this would suggest that rat hepatocytes have some intrinsic 
differences from mouse hepatocytes that persist even in a 
mouse environment. Finally, the demonstration that Alb-uFA 
mouse livers can be reconstituted with rat hepatocytes raises 
the exciting possibihty that th^ also can be reconstituted with 
human liver cells. These human-mouse livers could potentially 
be used as a repository for human hepatocytes, as reagents for 
human carcinogenicity studies, or as models for human liver 
disease. 
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Woodchuck Hepatocytes Remain Permissive for Hepadnavirus 
Infection and Mouse Liver Repopulation After Cryopreservation 

Maura Dandri/ Martin R. Burda,^ Andreas Gocht,^ eva Torok.^ Jorg M. Pollok,^ Charles E. Rogler/ 

Hans Will,i and Jorg Petersen*-^ 



Isolated hepatocytes represent a relevant model of the 
liver and are highly required both for research and therapeu- 
tic applications. However, sources of primary liver cells 
from human beings and from some animal species are lim- 
ited. Therefore, cryopreservation of hepatocytes could 
greatly facilitate advances in various research areas. The aim 
of this study was to evaluate whether cryopreserved primary 
woodchuck hepatocytes could be used for woodchuck hep- 
atitis B virus (WHV) infection studies, and whether they 
could maintain their regenerative potential in vivo after 
thawing. Critical steps for good quality of cryopreserved 
hepatocytes included the use of University of Wisconsin 
(UW) solution as a main component of the freezing medium, 
stepwise reduction of dimethylsulfoxide (DMSO) to avoid 
osmotic shock, and maintenance of low concentrations of 
DMSO in the culture medium. After cryopreservation, cell 
viability was still high (70% to 80%), and 50% to 60% of 
thawed cells attached to the plates. The appearance of co- 
valently closed circular (ccc)DNA and of WHV-replicative 
forms a few days after in vitro infection demonstrated that 
thawed woodchuck hepatocytes were still susceptible to vi- 
ral infection, thus proving maintenance of a very high hep- 
atocyte-specific diflerehtiation status. Furthermore, trans- 
plantation of woodchuck hepatocytes into the liver of 
urokiriase-type plasminogen activator {uPA)/recombination 
activation gene-2 (RAG-2) mice, a model of liver regenera- 
tion, demonstrated that cryopreserved cells retained the 
ability to divide and to extensively repopulate a xenogenic 
liver. Notably, in vivo susceptibility to infection with WHV 
and proliferative capacity of frozezi/thawed woodchuck 
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hepatocytes in recipient mice were identical to those ob- 
served by transplanting fresh hepatocytes. (Hepatology 
2001;34:824-833.) 

Liver transplantation is a successful and well-established 
treatment for end-stage liver disease and liver failure. How- 
ever, donor-organ scarcity is a fundamental limitation of this 
therapy. The availabihty of highly differentiated primary liver 
cells to be used for cell-based therapies, such as bepatocyte 
transplantation, tissue-engineered organs, or for extracorpo- 
real liver support systems, represents an attractive alternative 
to whole-organ transplantation.*-^ Freshly isolated normal 
adult hepatocytes are already widely used in various research 
areas of hepatology, pharmacology, and toxicology, and initial 
clinical trials have also shown their potential for therapeutic 
applications.^ Essential prerequisites for therapeutic use of 
bepatocyte transplantation in humans is that primary liver 
cells must be promptly available, remain highly differentiated, 
and maintain their proliferative capabilities within the host 
liver, because only a hmited number of cells can be infused 
into a patient.'* 

In past years, numerous research laboratories established 
procedures for the isolation of primary hepatocytes from com- 
monly used laboratory animals, rat hepatocytes being the 
most studied. However, only a few laboratories have the pos- 
sibility to procure livers and perform the isolation of highly 
viable hepatocytes from humans and animal species that are 
scarcely available. Therefore, efficient cryopreservation and 
banking of hepatocytes would greatly expand and facilitate 
the use of primary liver celb both for research and therapeutic 
applications, while decreasing the need of freshly procured 
livers for the preparation of hepatocytes both from animal 
species and humans. 

Persistent infection with hepatitis B virus (HBV) is one of 
the major causes of liver disease in humans, being associated 
with various degrees of chronic hepatitis, cirrhosis, and the 
development of hepatocellular carcinoma. ^.6 Replication of 
HBV can be successfully achieved by transfecting hepatoma 
cell lines with cloned HBV-DNA genomes. These systems 
have significantly contributed to elucidating various aspects 
of viral replication^ and are very useful for production and 
functional analysis of mutant HBV.^ ® However, the currently 
available hepatoma cell lines are not permissive for infection 
with any of the known HBVs. Therefore, the narrow host 
range of HBV and the lack of culture systems permissive for 
hepadnaviral infection have hampered our understanding of 
some crucial events of the hepadnavirus Ufe cycle. These steps 
concern identiBcation of the specific cellular receptor(s) in- 
volved in the process of attachment of virions to the hepato- 
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cyte'membranc (I); characterization of penetration and un- 
coating steps (II); as well as of the mechanisms of nuclear 
entry, synthesis, and amplification of the covalently-closed- 
circular (ccc) DNA, the natural template of viral transcription. 
To address these important questions, highly viable and 
readily available primary hepatocytes susceptible to hepadna- 
viral infection are needed. 

Woodchuck hepatitis virus (WHV) is one of the closest- 
related animal viruses for human HBV-infection studies, and 
primary woodchuck hepatocytes have been successfully used 
to investigate specific features of the mammalian hepadnavi- 
ruses and for antiviral studies.^-^'* Using a two-step coUage- 
nase perfusion method, j^jgh yields (about 10^) of intact 
primary woodchuck hepatocytes are usually obtained, and 
freshly isolated hepatocytes are amenable to hepadnaviral in- 
fection in culture.*^ However, woodchucks are relatively large 
animals of outbred origins that can be found in wilderness 
only in a limited area of the United States, and are difficult to 
handle in many laboratories. Consequently, sources of pri- 
mary liver cells from adult woodchucks are limited, though 
more cells are isolated than can be used immediately after the 
isolation process. Successful cryopreservation and recovery of 
primary hepatocytes permissive for hepadnaviral infection 
would offer the great advantage of performing a larger number 
of infection studies at different time points, using hepatocytes 
isolated from a single donor. 

Previous studies have shown that adult hepatocytes iso- 
lated from various species can be preserved in liqtiid nitrogen 
for prolonged periods. ^^-^^ Experiments with rat hepatocytes 
have demonstrated that thawed cells retain various functions, 
such as drug-metabolizing enzyme activities, when cultured 
under specific conditions. In this report, we present a protocol 
that allows cryopreservation and efficient recovery of primary 
hepatocytes isolated from adult woodchucks. In particular, 
we show that frozen/thawed hepatocytes retain susceptibility 
to hepadnaviral infection in vitro and in vivo when trans- 
planted into immunodeficient urokinase-type plasminogen 
activator (uPA)/recombination activation gene-2 (RAG -2) 
mice.^°'^* In this system, hepatocyte- targeted expression of 
uPA leads to cumulative cellular dysfunction and subsequent 
death of transgcne-carrying hepatocytes. This provides a pro- 
liferative stimulus for cell growth lasting approximately 2 to 3 
months after birth, thereby allowing clonal expansion of 
transplanted hepatocytes within the diseased host liver. ^^-^ 
We previously reported repopulation of uPA mouse livers 
with freshly isolated woodchuck hepatocytes, followed by es- 
tablishment of WHV infection in mice. Here, we demonstrate 
that cryopreserved woodchuck hepatocytes are able to exten- 
sively repopulate a xenogenic liver and that their proliferative 
capacity is comparable with that observed after transplanta- 
tion of fresh hepatocytes. 

MATERIALS AND METHODS 

Isolation oj Woodchuck Hepatocytes 

Adult woodchucks negative for all WHV serologic markers and 
WHV chronic carriers were purchased from Northeastern Wildlife 
(South Plymouth, NY) and housed in the animal facility of the Uni- 
versity Hospital Eppendorf in accordance with institutional guide- 
lines and approved protocols. Primary woodchuck hepatocytes were 
isolated by a two-step in situ collagenase perfusion method as previ- 
ously reported. 2° Briefly, the liver was initially perfused with a 
pre perfusion solution (IX Leffert^s buffer: HEPES 10 mmol/L, KCl 3 
mmoi/L. NaGl 130 mmol/L, NaHiPO+^HzO 1 mmol/L. glucose 10 



mmol/L IpH 7.4]) containing 5 mmol/L ethylene glycol-bisO-ami- 
noethyl ether)-N^-tetraacetic acid (EGTA); then, Lcffert's buffer 
not containing EGTA was allowed to run briefly through the liver; 
and finally the tissue was perfused with Leffert's buffer containing 5 
mmol/L CaClz and 0.025% (wt/vol) collagenase type II (Worthing- 
ton Biochemical Corp.v Lakewood, NJ). The flow rate of the perfusate 
was 60 mL/min. After the perfusion, the digested liver tissue was 
explanted and placed in cold Leffert's buffer supplemented with 5 
mmoI/L CaCli- The liver capsule was cut, and cells were dissociated 
and then filtered through 100-fun nylon filters. Afterward, cell sus- 
pensions were centrifuged 3 times (50g, 5 minutes) to separate hepa- 
tocytes from nonparenchymal celk, and hepatocyte viability was 
determined by the Trypan blue exclusion test. Freshly isolated 
woodchuck hepatocytes were either prepared for cryopreservation 
or resuspended in a previously described^ Leiboviiz L-15-modified 
(GibcoBRL, Karlsruhe, Germany) medium containing 10% fetal bo- 
vine serum (FB5) (Gemini. Calabasas. CA), and seeded onto 10-cm 
tissue culture plates (4 X 10* cells/dish) precoated with rat tail col- 
lagen type 1 (Becton Dickinson, Bedford, MA). Cells were main- 
tained at 37*'C in 5% CO2 atmosphere, and the culture medium was 
renewed daily. 

Hepatocyte Cryopreservation 

Two different freezing procedures were performed in this study to 
assess the optimal conditions for freezing woodchuck hepatocytes. 

One-Step Addition of Dimethylsulfoxide. Freshly isolated hepatocytes 
were directly suspended at a density of 5 X 10* cells per milliliter in 
an ice-cold suspension buffer containing 70% University of Wiscon- 
sin (UW) solution or various cell culture media, 20% FBS. and 
10% dimethylsulfoxide (DMSO) (Sigma. St. Louis, MO). Cells were 
gendy mixed, and after 3 minutes on ice, aliquots of 1-mL ceil sus- 
pension were transferred to prechilled freezing vials. 

Stepwise Addition of DMSO. After centrifugation (30g, 5 minutes, 
4*'C) of freshly isolated hepatocytes, cells were resuspended and 
gendy mixed in 30% of the final volume in a medium containing 76% 
UW solution, 20% FBS, and oidy 4% DMSO. After 3 minutes on ice, 
another volume of medium containing 64% UW, 20% FBS, and 16% 
DMSO was added to the cell suspension. The final concentration of 
the cryoprotective agent, DMSO, was 10%. After 5 minutes on ice, 
hepatocytes were gently pipetted and distributed in freezing vials. 

In both cases, the vials were transferred directly to a — 70°C 
freezer, where they remained for 12 to 16 hours before being plunged 
into liquid nitrogen. In some experiments, primary woodchuck 
hepatocytes had also been frozen using a computer-controlled freez- 
ing machine, in which temperature was reduced at a rate of l*^CAhin 
to — SCyC. Hepatocytes were stored for a few days to several months 
in Uquid nitrogen. 

Hepatocyte Thawing 

For cell thawing, frozen vials were placed dtrecdy in a 37*^C water 
bath until the ice disappeared. Immediately after thawing, the vials 
were put on ice and the efficacy of two thawing procedures was 
evaluated. 

One-Step Reduction of DMSO. Hepatocyte suspensions were trans- 
ferred into ice-cold Falcon tubes, 4 mL of ice-cold RPMl culture 
medium was added per milliliter of cell suspension, and cells were 
gently pipetted. 

Stepwise Reduction of DMSO. To gradually reduce the cryopro- 
tectant, ice-cold RPMI culture medium was added to the thawed 
hepatocyte suspensions as follows: 0.3 mL, 1.3 mL, and 2 mL of 
medium were added per milliliter of cell suspension at 3-minute 
intervals. By both procedures, the final concentration of DMSO was 
2%. Viability of thawed cells was determined by Trypan blue exclu- 
sion. Afterward, the cells were centrifuged (50g for 3 minutes, 4^0, 
the supernatant discarded, and the cell pellet resuspended in culture 
medium containing 2% DMSO as described below. 
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HepqtocyU Cultures 

Woodchuck hepatocyles were seeded on rat tail collagen type I 
precoated plates. The plating medium was always supplemented 
with 10% FBS and 2% DMSO when thawed hepatocyles were used. 
Four hours after plating, cell culture medium was removed and used 
10 count the number of nonattached cells. Viable plated cells were 
washed gently and maintained in culture with medium also supple- 
mented with 20 ng /mL of mouse epidermal growth factor (Sigma). 
To evaluate attachment efficiency, cells were trypsinyzed and 
counted. 

WHY Infection Studies 

Twenty-four hours after plating of freshly isolated or ciyopre- 
served woodchuck hepatocyles, 20 /xL of serum from a WHV chron- 
ically infected woodchuck (1X10^° virions per milliliter) was added 
to each plate, and incubation was performed overnight in the absence 
of FBS. After WHV-containing medium was removed, plates were 
washed twice with culture medium and hepatocyles were main- 
tained in L-15 medium containing reduced amounts of FBS (5%). 
Medium was renewed daily. 

Viral DNA Analysis 

cccDNA was isolated and analyzed by Southern blot technique 
according to the method described by Wu el al.^^ To extract genomic 
DNA, hepatocyles from one 10-cm dish were lysed in 1 mL of a 
solution containing 0.1% sodium dodecyl sulfate, 150 mmol/L NaCl, 
20 mmol/L Tris-HCl (pH 7 5). 20 mmol/L EDTA, and 0.6 mg of 
proteinase K per milliliter, and incubated at 45**C for 5 hours. After 
phenol chloroform extraction, the nucleic acids were collected by 
ethanol precipitation. Pellets were resuspended in TE (10 mmol^ 
Tris IpH 7.5], 1 mmol/L EDTA) buffer, digested with Pvu U restric- 
tion endonuclease, which is a WHV-DNA noncutter, and then sub- 
jected to 1.5% agarose gel electrophoresis and Southern blot analysis 
as described previously.^'* 

To extract viral DNA from cytoplasmic fractions, cultured hepa- 
tocyles were incubated in 1 mL lysis buffer (50 mmol/L Tris-HCl [pH 
7.5] . 0.2% NP40) per dish. After the nuclei were removed by centrif- 
ugauon (1 minute at 14,000 rpm), sodium dodecyl sulfate and pro- 
teinase K (final concentration, 0.1% and 0.5 mg/mL, respectively) 
were added to the supernatant, and samples were incubated for 2 
hours at 37**C. Thereafter, the nucleic acids were phenol chloro- 
form-extracted and ethanol-precipitated as previously described. 
Pellets were resuspended in TE buffer and directly analyzed by elec- 
trophoresis. 

To assay for the release of virus, culture medium was first pre- 
deared (8,000 rpm; HB-4 Sorvall rotor, 20 minutes, 4**C), and then 
cenirifuged (50,000 rpm; Beckman SW60 rotor, 4 hours, 4**C) 
through a 20% sucrose cushion. Nucleic acids were extracted from 
pelleted virions by proteinase K digestion and phenol purification, ^5 
precipiuted by ethanol, and subjected to Southern blot analysis us- 
ing a 3.3-Kbp Dig-labeled or P^^-labeled WHV-DNA probe as previ- 
ously reported.*^ 

To estimate WHV tilers in uPA/RAG-2-transplanted mice, 20 /jlL 
of mouse serum was dot-blotted onto a nylon membrane according 
to the procedure described by Scotto^* and hybridized under high- 
stringency conditions overnight with a WHV-DNA P^Mabeled 
probe. Serum samples from nontransplanted mice that had been 
previously injected with WHV-positive serum (see below) served as 
negative controls. Serial dilutions of woodchuck serum obtained 
from a WHV carrier (1 X 10' WHV genome equivalent/mL) were 
loaded in parallel on the blots and served as a sundard. Hybridiza- 
tion signals were quantitated by scanning densitometry using a Fu- 
jiX/2000 laser densitometer (Fuji, DOsseldorf. Germany). 

Transplantation of Woodchuck Hepatocytes Into uPA/RAG-2 Mice 

Alb-uPA transgenic mice and RAG-2 knockout mice were pur- 
chased from Jackson Laboratories (Bar Harbor, ME) and Taconic 



Farms (Germantov^m, NY), respectively. Alb-uPA transgenic mice 
were crossed with RAG-2 knockout mice (RAG-2), and hemizygous 
uPA/RAG-2 mice were used for transplantation experiments. All an- 
imals were housed and maintained under specific pathogen-free con- 
ditions in accordance with national and institutional guidelines un- 
der approved protocols. A fraction of freshly isolated woodchuck 
hepatocyles was resuspended in precold RPMl medium and used for 
transplantation within 3 hours. For freezing, some woodchuck hepa- 
tocyles were resuspended in precold UW solution containing 20% 
FBS and 10% DMSO (1 X 10* viable hepatocyles/mL), placed in a 
70°C freezer overnight, and then transferred to liquid nitrogen. After 
4 weeks, cells were thawed by rapid immersion in a 37°C water bath, 
and DMSO was stepwise-rcduced as described above. After removal 
of the freezing medium by centrifixgation, thawed hepatocytes were 
resuspended in precold RPMI medium, and viability was determined 
by the Trypan blue exclusion test. Five X 10* fresh viable or frozen 
/thawed viable woodchuck hepatocytes were transplanted into 2- to 
3-week-old uPA/RAG-2 mice by inlrasplenic injection, as previously 
reported.20 Two days after transplantation, hepatocyte-recipient and 
nontransplanted uPA/RAG-2 htiermates received a 10-/xL intramus- 
cular injection of a WHV-positive woodchuck serum containing ap- 
proximately 1 X 10' virions/mL. 

Histologic Analyses 

Three months after hepatocyte transplantation, mice \ym killed 
and the livers harvested. Serial cryostat sections of uPA/RAG-2 
mouse livers were examined by hematoxyHn-eosin staining and im- 
munohistochemistry with a rabbit antiserum (WHc antiserum) 
against woodchuck hepatitis core antigen (WHcAg). For immune- 
staining, liver tissue sections were fixed with acetic acid- ethanol 
(1:3) and paraffin- embedded. Deparaffinized and rehydrated sec- 
tions were preireated with 10 mmol/L citrate buffer (pH 6.0). Unspe- 
cific binding of antibody was blocked with 10% normal goat serum 
Qackson/Dianova, West Grove, PA), and sections were then in- 
cubated with WHc antiserum (diluted 1:500). Specifically bound 
antibody was visualized by incubation with a biotinylaled goat 
anti-rabbit IgG F(ab') antibody Qackson/Dianova), followed by 
incubation with peroxidasc-conjugated streptavidin-biotin complex 
Qackson/Dianova). The peroxidase was developed with 3,3'-diami- 
nobenzidine tctrahydrochloride (Sigma). All washing buffers and 
antibody solutions contained 0.05 mol/L Tris-buffered saline (pH 
7.4) -i- 0.1% Triton X-100 (Serva, Heidelberg, Germany). To evaluate 
the extent to which woodchuck hepatocytes repopulated mouse liv- 
ers, 6 sections per liver lobe were cut from 5 lobes of each of the 
analyzed mice (30 sections total) and immunostained with WHc 
antiserum. Ten random fields per section were examined microscop- 
ically, and the percentage of hepatitis B core antigen (HbcAg)-posi- 
tive-stained hepatocytes was calculated. 

RESLJLTS 

Freezing Conditions, To determine the optimal components 
of the freezing medium, preliminary experiments were per- 
formed using various culture media (Leibowitz L-15, RPMI, 
Williams' E medium) or UW solution, which is used for organ 
preservation before transplantation. We observed that the 
highest viability and the most reproducible results were ob- 
tained when hepatocytes isolated either from woodchucks or 
rats were preserved in UW solution (Table 1). Furthermore, 
previous studies performed in other laboratories and by us 
showed that DMSO has better cryoprotective capacities than 
glycerol, 1,2-propanediol, or dextrans, because this cryopro- 
tective agent very efficiently reduces ice-crystal formation 
during the freezing process.^^-^^ Therefore, to cryopreserve 
primary hepatocytes, freshly isolated cells were resuspended 
in freezing medium containing 70% UW solution, 20% FBS» 
and 10% DMSO. In agreement with other studies,*^ we also 
observed that hepatocytes were best preserved with a 10% 
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*' Table 1. Viability of Hcpatocytcs Cryoprcscrved Using 
Various Freezing Media 



Hcpatocyte Viability 

Cryopreservcd 



Species 


Freezing Medium 
(70:20:10) 


Isolated 


Addition of DMSO: 
One-step Stepwise 


Woodchuck 










WHV- 


L-15/FBS/DMS0 




62% 


64% 




RPMI/FBS/DMSO 


95% 


59% 


ND 




UW/FBSOJMSO 




74% 


71% 


Rat 


WiUiams* E/FBS/DMSO 




57% 


ND 




RPMl/FB^MSO 


83% 


55% 


ND 




UW/FBS/DMSO 




79-5% 


ND 



DMSO concentration, while higher FBS concentrations (20%) 
did not improve cell viability (data not shown). 

To determine whether slow addition of DMSO was a critical 
step for hepatocyte cryopreservation, cell pellets were either 
resuspended directly in freezing medium containing 10% 
DMSO or, alternatively, the concentration of the cryopro- 
tectant was gradually increased (see Materials and Methods). 
We observed that stepwise addition of DMSO did not signifi- 
cantly increase cell viability after thawing (Table 1). There- 
fore, one-step addition of DMSO was chosen for further ex- 
periments. 

The cooling rates are considered very critical parameters for 
successful cryopreservation of primary hepatocytes. In our 
studies, hepatocytes were resuspended at a final concentra- 
tion of 5 X 10^ cells per milliliter of freezing medium, distrib- 
uted into freezing vials, and immediately transferred to 
— 70**C, where they were maintained for 16 to 24 hours before 
being plunged into liquid nitrogen. In contrast with previous 
cryopreservation protocols that have favored the use of an 
intermediate step at --20°C,*^-^® we observed that viability of 
thawed woodchuck hepatocytes was further reduced by 10% 
to 25% when the viab were preincubated for 20 minutes at 
room temperature and/or placed for 20 minutes at —20*^0, 
before being transferred to — 70°C (data not shown). In some 
experiments, hepatocytes were also frozen using a computer- 
controlled freezing machine. As shown in Table 2, the results 
obtained by freezing the cells with the machine were compa- 
rable but not generally better than those achieved by placing 
the cells first at ^70**C and then into liquid nitrogen. 



Viabiiity and Attachment Efficiency of Thay^red Woodchuck Hepa- 
tocytes. As shown in Tables 1 and 2, high cell viability (70% to 
80%) was estimated by the Trypan blue exclusion test when 
primary woodchuck hepatocytes were rapidly thawed and the 
cryoprotectaht was gradually reduced to 2% to limit the os- 
motic shock caused by the outflow of DMSO. Concerning the 
culture medium composition, it has been shown that low con- 
centrations of DMSO improved hepatocyte survival and func- 
tion in vitro?^ Therefore, after a short centrifugation to re- 
move the freezing medium, cell pellets were resuspended in 
cell culture medium supplemented with 10% FBS and 2% 
DMSO. About 56% of ihe thawed uninfected woodchuck 
hepatocytes (approximately 77% of the thawed viable cells) 
were able to attach to the coUagen-precoated dishes when 
DMSO concentration was reduced stepwise to 2% and main- 
tained in the culture medium. As shown in Table 2, the per- 
centage of attached hepatocytes was markedly lower (45% vs. 
56%) when the cryoprotectant was removed at once. More- 
over, we observed that, regardless of the thawing procedure 
used, addition of 2% DMSO in the culture medium not only 
increased attachment efficiency, but also improved survival of 
thawed hepatocytes in culture, because thawed cells plated in 
the absence of DMSO showed signs of degeneration within a 
few days (data not shown). 

As shown in Fig. 1, phase-contrast microscopy indicated 
that the morphology of cultured cells prepared from fresh and 
frozen/thawed woodchuck hepatocytes was very similar for at 
least 1 week. However, after 10 days in culture, some signs of 
degeneration with increased cytoplasmic granularity became 
evident in all the cultures prepared from frozen cells. Hepato- 
cytes isolated from WHV chronically infected woodchucks 
could also be successfully cryopreserved, although viability of 
thawed WHV-positive cells was generally lower (approxi- 
mately 50% vs. 70%) than values obtained with uninfected 
hepatocytes (see Table 2). 

Temporary Storage of Cryopreserved Hepatocytes on Dry Ice 
Drastically Reduces A ttachment Efficiency. To test whether liquid 
nitrogen- cryopreserved woodchuck hepatocytes could be 
conveniently transported to a different location by maintain- 
ing the cells on dry ice for a certain time before being thawed 
and used, viability and attachment of uninfected woodchuck 
hepatocytes was determined. Hepatocytes were either rapidly 
thawed by taking them from the liquid nitrogen tank to a 37°C 
water bath as described above, or, alternatively, the frozen 
vials were placed on dry ice for various periods before thawing 



Table 2. Viability and Attachment Efficiency of Woodchuck Hepatocytes Freshly Isolated and Cryopreserved by Using Different Freezing 

and Thawing Conditions 









Cryopreserved Hepatocytes (— 70"C/N2) 






Fresh Hepatocytes 


One-step Removal of DMSO 


Stepwise Removal of DMSO 


Hepatocyte Source 


Viability (%) Attachment (%) 


Viability (%) 


Attachment (%) 


Viability (%) 


Attachment (%) 


WHY" woodchuck 
WHV+ woodchuck 


94 ± 3 (n = 8) 77 :t 3 (n = 8) 
90 ± 3 (n = 4) 74 ± 2 (n = 4) 


64 ± 3 (n = 4) 
50 ± 4 (n = 3) 


45 ± 4 (n = 4) 
38 ± 2 (n = 3) 


73 ± 7 (n = 6) 
60; 43 


56 ± 4 (n = 6) 
. 40; 31 








Cryopreserved Hepatocytes (machine/Nj) 






Fresh Hepatocytes 


One-step Removal of DMSO 


Stepwise Removal of DMSO 




Viability (%) Attachment (%) 


Viability (%) 


Attachment (%) 


Viability (%) 


Attachment (%) 


WHV" woodchuck 


90; 95 . 76; 80 


63; 65 


45; 46 


71; 76 


56; 58 
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Fig. 1. Light-microscopic ap- 
pearance of woodchuck hcpatocyic 
cultures prepared from cryoprc- 
servcd ceHs. Thawed celk were cul- 
tured for 4 hours (A). 24 hours (B), 2 
days (C and D). and 4 days (E). (F) 
Freshly isolated woodchuck hepato- 
cytes cniltured for 4 days (original 
magnification X200). When at- 
tached and maintained in culture in 
the presence of DMSO, thawed wood- 
chuck hepatocytes were morphologi- 
cally icfentical to unpreserved hepato- 
cytes. 



the cells. In all cases, DMSO concentration was reduced step- 
wise to 2%, the freezing medium was removed, cells were 
resuspended in complete plating medium, and viability was 
determined by the Trypan blue exclusion test. As shown in 
Fig. 2, the percentage of viable cells remained almost un- 
changed for at least 24 hours of storage on dry ice. However, 
we observed that incubation on dry ice dramatically impaired 
the attachment capability of cryopreserved hepatocytes on 
collagen-coated plates. Six hours after plating the cells, the 
medium was removed and the number of both attached and 
nonattached cells was determined. After 24 hours of storage of 
frozen vials on dry ice, attachment was reduced by 50%, while 
after 48 hours, no hepatocytes attached to the plate. 

in Vitro Infection of Cryopreserved Woodchuck Hepatocytes With 
WHV. Successful in vitro infection of primary hepatocytes 
with HBVs requires maintenance of a very high hepatocyte- 
specific differentiation status, and usually freshly isolated 
hepatocytes become nonpermissive for hepadnaviral infec- 
tion shortly after plating.^^^o Jq determine whether cultured 
hepatocytes were still permissive for hepadnaviral infection 
after cryopreservation, plates containing either freshly iso- 
lated or thawed woodchuck hepatocytes were incubated over- 



night with infectious WHV serum (see Materials and Meth- 
ods). To determine whether V/HV virions were taken up by 
the celk, and whether viral DNA was uncbated and converted 
to cccDNA into the nucleus of newly infected hepatocytes, we 
first investigated the time course of cccDNA synthesis in 
freshly isolated hepatocyte cultures. Cells were harvested 1, 2, 
4, and 6 days after infection and analyzed for the presence of 
cccDNA. 

As shown in Fig. 3A, formation of cccDNA was first de- 
tected 48 hours after the virus was added to the cultures of 
freshly isolated cells. cccDNA levels increased rapidly in the 
following days, until day 6, when cccDNA appeared to have 
reached a steady-state level. ^^-^^ As shown in Fig. 3B, 6 days 
after infection of thawed cells with W^V-positive serum, high 
levels of cccDNA could be demonstrated by Southern blot 
analysis, indicating successful uptake of viral particles by fro- 
zen and thawed woodchuck hepatocytes. 

To evaluate whether in vitro experimental infection of cryo- 
preserved hepatocytes led to the production of WHV viral 
particles, DNA (genomic and cytoplasmic) was isolated from 
thawed hepatocytes infected 24 hours after seeding and har- 
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Fig. 2. Cryopreservcd hepalocytes arc very sensitive to temperature 
changes. Viability (■) and attachment (□) efficiency of cryopreserved hepa- 
locytes after thawing is highest when frozen cells are immediately warmed to 
37°C and plated. Any storage of the celk on dry ice before plating drastically 
reduces attachment efficiency. After 48 hours, no hepatocytes attached to the 
plate. Viability and attachment rates are expressed in percentage (%) on the 
vertical axis. Time is expressed in hours on the horizontal axis. 



vested 7 days after infection. WHV-replicative intermediates 
and single-strand DNA, indicative of new viral DNA synthe- 
sis, were detected by Southern blotting (Fig. 4A), demonstrat- 
ing that after infection and conversion of infectious viral DNA 
to cccDNA, new WHV-DNA molecules were synthesized in 
cultures from those cryopreserved hepatocytes. Finally, to as- 
sess whether viral particles were actively secreted into the 
culture medium, 7 days after infection of cryopreserved liver 
cells, WHV-DNA- containing particles were precipitated from 
the medium, which was maintained in culture for only 24 
hours, and analyzed by Southern blotting. Virus secretion was 
observed in cultures of thawed hepatocytes. Virus titers 
reached a level of approximately 5 X 10^ WHV genome equiv- 
alents per milliliters of medium, as determined by scanning 
densitometry (Fig. 4B). 

Proliferative Capacity of Cryopreserved Woodchuch Hepatocytes 
In Vivo. To assess wherfier cryopreserved hepatocytes could 
engraft a xenogenic liver and could retain the capacity to 
proliferate after cryopreservation, naive frozen/thawed wood- 
chuck hepatocytes were transplanted into immunodeficient 




Fig. 4. Productive WHV infection of woodchuck hepatocytes after cryo- 
preservation. (A) WHV DNA from intracellular core particles {lane J) was 
isolated from thawed hepatocytes infected 24 hours after seeding and har- 
vested 7 days after infection. Culture fluids were also collected and virus 
particles from 3 mL of medium were pelletted, and the nucleic acids extracted 
and analyzed by Southern blotting {lane 2). Relaxed circular (RC), replicative 
intermediates (RI), and single-stranded (SS) forms are Indicated. M. Dig> 
labeled A-Hind Ul marker. (B) Southern blot analysis of virus particles re- 
leased into the culture medium. Lane 2, 7 days after infection* 6 mL of culture 
medium from thawed hepatocytes was ultracentrifuged and the extracted 
DNA was analyzed. Lane 2, viral DNA was direcdy extracted from 10 |xL of 
serum from a WHV-chronic carrier (IX 10'® virions per milliliter) and 
loaded onto the gel. Migration positions of the molecular-weight marker- are 
indicated. AU samples were loaded onto a 1.5% agrose gel. 

uPA/RAG-2 transgenic mice. Transplantation experiments 
were performed using fresh and frozen/thawed hepatocytes 
isolated from the same woodchuck, and their ability to repop- 
ulate diseased mouse liver was compared. Frozen hepatocytes 
were kept in liquid nitrogen for 4 weeks before thawing and 
transplantation. Viability of fresh versus frozen cells was 95% 
and 70%, respectively. The same number (5 X 10^) of viable 
fresh or viable frozen/thawed hepatocytes were injected into 9 
recipient mice. Five recipient mice received cryopreserved 
cells and 4 mice received freshly isolated hepatocytes. Two 
mice» 1 from each group, died shortly after the transplantation 
procedure because of bleeding complications, which is a com- 
mon problem in these mice.^*^-^* 

To determine whether transplanted woodchuck hepato- 
cytes survived and remained highly differentiated in mouse 



Fjg. 3. Detection of cccDNA in 
the nucleus of thawed woodchuck 
hepatocytes infected with WHY"*" se- 
rum 1 day after plating. cccDNA was 
extracted either from freshly isolated 
or cryopreserved primary woodchuck 
hepatocytes at (Afferent times after 
plating and infection. (A) Time 
course of cccDNA synthesis in freshly 
isolated hepatocyte cultures (days are 
indicated). Approximately 3 X 10^ 
cells were used for each time point. 
(B) Six days after infection, cccDNA 
was extracted from approximately 
2 X 10* cryopreserved and 1 X 10* 
fresh woodchuck hepatocytes and 
loaded onto" a 2% agarose gel. RC, re- 
laxed circular DNA; ccc, cccDNA, 
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10^ 10^ 10^ WHVDNA/ml 

Fig. 5. Establishment of WHV infection in uPA/RAG-2 mice transplanted 
with cryopreserved naive woodchuck hepalocytes. Scrum samples from mice 
repopulatcd with thawed (A) or fresh (B) woodchuck hepatocytcs and in- 
fected with WHV 2 days after transplantation were analyzed by doi-bloi using 
a p32-labcled genome-length WHV-DNA probe. (C) Test mixtures of untrans- 
planted mouse serum containing serial dilutions of WHY"^ woodchuck serum 
(WHV genome equivalent/mL scrum arc indicated) were used as standard. All 
sera were taken 3 months after infection. 



livers, a few days after transplantation, all 7 transplanted mice 
and 3 nontransplanted littermates were inoculated with 
WHV-infectious serum (see Materials and Methods). Three 
months after hepatocyte transplantation, when liver repopu- 
lation was complete, mice were killed, serum samples col- 
lected, and livers analyzed. Serum samples were analyzed by 
dot'blot hybridyzation for the presence of WHV DNA. As 
shown in Fig. 5, viral titers ranged between 1 X IQS to 1 X 10^ 
WHV genomes per milliliter in mice transplanted either with 
fresh or cryopreserved woodchuck hepatocytes, while WHV 
DNA was not detected in serum of untransplanted mice that 
also had been inoculated with WHV-infectious serum (i.e.. 
Fig. 5, sample 4B). There was no significant difference in the 
virus titers from uPA/RAG-2 mice containing fresh or frozen 
hepatocytes, demonstrating that mouse livers had been en- 
grafted both with fresh and with frozen woodchuck hepato- 
cytes, and that thawed cells remained permissive for WHV 
infection. 

To roughly estimate the level of repopulation, and therefore 
to determine whether cryopreserved woodchuck hepatocytes 
maintained their ability to proliferate and replace damaged 
parenchyma, immunohistochemistry was performed using a 
WHc antiserum, which is an unequivocal marker to distin- 
guish between mouse host and transplanted woodchuck 
hepatocytes (Fig. 6A), Sections of mouse liver tissues repop- 
ulated either with fresh or cryopreserved woodchuck hepato- 
cytes were also analyzed by HE staining. As observed in earlier 
transplantation studies and shown in Fig. .6B, large portions of 
the mouse liver were repopulated with woodchuck hepato- 
cytes, which showed a more intense eosin staining. Histologic 
analysis of randomly chosen mouse liver sections showed that 
both frozen and fresh woodchuck hepatocytes were present in 
abundance in all liver lobes and in all animals, replacing ap- 
proximately 30% to 60% of damaged livers. As observed in 
previous transplantation studies with uPA/RAG-2 mice, the 
degree of repopulation varied among mice within each group, 
but there was no significant difference in the amount of wood- 
chuck hepatocytes observed in mice that contained hepato- 



cytes of frozen origin compared with diose harboring cells of 
fresh origin. 

DISCUSSION 

Studies on the early events of the hepadnavirus life cycle 
require the use of highly differentiated primary hepatocyte 
cultures that are competent for HBV infection. Cryopreserva- 
tion of woodchuck hepatocytes has been previously reported, 
although only a small fraction of those frozen cells were able 
to attach to the plates after thawing, and there was no indica- 
tion of in vitro infection of those cells with WHV.^^ Our find- 
ings indicate that cryopreserved primary woodchuck hepato- 
cytes, properly thawed and cultured, are suitable for infection 
studies with woodchuck hepatitis B virus. Various freezing- 
thawing procedures, as well as culturing conditions, were an- 
alyzed here. 

We chose to use UW solution as the main component of the 
freezing medium and to directly suspend the hepatocytes in a 
freezing medium containing 10% DMSO and 20% PBS, be- 
cause stepwise addition of the cryoprotectant, DMSO, did not 
significandy increase cell viability after thawing. The transi- 
tion from hquid to solid phase is considered a very critical step 
in the freezing process; therefore, intracellular ice-crystal for- 
mation, which occurs between - 15''C and -20^C, should be 
minimized. We observed that cell viability was better pre- 
served when the hepatocytes were direcdy transferred to 
— lO^'C, without an intermediate step at — 20**C, as suggested 
by others. 17.18 Furthermore, the use of a programmable freez- 
ing chamber did not appear to give better results than the use 
of a -70°C freezer (73.5% vs. 73 ± 7% viability, respectively) 
before plunging the cells into liquid nitrogen. Thus, bur ob- 
servations imply that cryopreservation of woodchuck Uver 
cells can be efficiendy performed in most laboratories, with- 
out the need of specific cooling machines. 

Previous studies suggested that the cryoprotectant should 
be removed from thawed cells as soon as possible to avoid 
potential toxicity.^^ However, low concentrations of DMSO 
(1% to 2%) in the culture medium have been shown to sup- 
port cell differentiation^^-36 and to increase infectivity of 
freshly isolated hepatocytes.^^ Here, we provide evidence that 
after stepwise reduction of DMSO, maintenance of 2% DMSO 
in culture not only improved attachment rates of thawed 
hepatocytes, but it allowed establishment of WHV infection in 
vitro. In fact, regardless of the thawing procedure used (one- 
step or stepwise reduction of DMSO), we failed to demon- 
strate WHV infection of thawed cells cultured in the absence 
of DMSO (data not shown). 

The cccDNA analysis by Southern blot revealed that infec- 
tivity of cryopreserved hepatocytes was reduced by only ap- 
proximately 50% compared with values obtained with freshly 
isolated cells. Thus, these data demonsurate that the most crit- 
ical and hepatocyte-specific steps of the virus life cycle, such 
as receptor recognition, cell and nuclear entry, as well as con- 
version of the viral genome into the covalendy closed circular 
form (cccDNA), can be investigated using cryopreserved 
hepatocytes. Furthermore, the presence of WHV-replicative 
intermediates and single-strand DNA in the cytoplasm of in- 
fected cells, as well as the release of progeny virus 1 week after 
infection, indicated that the replication cycle of WHV in cryo- 
preserved liver cells was complete. Although we cannot rule 
out the possibility that input virus had contributed to the 
intensity of the signals corresponding to repHcative interme- 
diates and single-stranded DNA, we consider this unlikely. In 
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Fjg. 6. Histologic analysis of 
uPA/RAG-2 mouse livers trans- 
planted with cryopreserved wood- 
chuck hepatocytes, infected with 
WHV, and killed after 3 months. (A) 
Detection of WHcAg"*" woodchuck 
hepatocytes in mouse livers by im- 
munostaining with a WHc anti- 
serum. Transplanted woodchuck 
hepatocytes had seeded the liver and 
grown in a nodular pattern, replac- 
ing large portions of the mouse liver. 
(6) Hematoxylin-eosin staining of 
frozen liver sections from uPA/ 
RAG-2 mice. Woodchuck hepato- 
cytes show a more intense eosin 
staining. Arrows mark borders. 
(Original magnification lAj XlOO; 
[Bl X50.) 




previous infection studies performed with noninfectious, UV- 
inactivated virus, we failed to detect viral DNA 1 week after 
infection^ (Dandri M, Will H» May, 1998, unpublished data). 

Banking and shipment of cryopreserved cells would not 
only reduce the number of animals needed for research, but it 
would also offer a larger number of laboratories the opportu- 
nity to perform specific studies without the need to set up and 
perform the isolation process. Our results with woodchuck 
liver cells showed that cryopreserved primary hepatocytes 
could be efficiently recovered and used both for in vitro and in 
vivo studies, provided that the cells were kept in liquid nitro- 
gen until use. In fact, temporary storage of frozen hepatocytes 
at higher temperatures, like on dry ice, appeared to induce 
irreversible damage to the cells, and, consequently, attach- 
ment efficiency was drastically reduced. 

Because of the scarcity of fresh human livers, cryopreserva- 
tion and effective recovery of primary human hepatocytes are 



greatly needed for various therapeutic applications. For in- 
stance, feasibility of hepatocyte transplantation in humans 
has been demonstrated,^ and it may offer an attractive thera- 
peutic alternative to whole-liver transplantation to treat some 
metabohc liver diseases, such as familial hypercholesterol- 
emia, Wilson's disease, and ai -anti trypsin deficiency. 
However, because only a limited number of cells can be safely 
injected into a patient,*° transplanted hepatocytes must retain 
their ability to grow to become a significant hepatocyte mass 
in the host liver. To determine whether cryopreserved wood- 
chuck hepatocytes retain their proliferative potential in vivo, 
we performed transplantation experiments in immunodefi- 
cient uPA/RAG-2 mice, using either fresh or cryopreserved 
cells. The expression of WHV-specific markers, such as 
WHcAg, permits a rough estimate of the magnitude of liver 
repopulation. Moreover, productive infection with WHV is an 
unequivocal marker in determining survival and differentia- 
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tion-status of primary woodchuck hepatocytes in transplanted 
mice.2° As observed in earlier studies,^^ productive infection 
with WHV was achieved in all transplanted mice engrafted 
with naive woodchuck hepatocytes. Furthermore, our in vivo 
infection studies indicate that susceptibility for infection with 
WHV in mice harboring cryopreserved cells was comparable 
with that observed by infecting animals containing fresh 
woodchuck hepatocytes. 

Although we used 5X10^ viable woodchuck hepatocytes 
for all our transplantation experiments, which represents only 

0. 5. of the hepatocyte mass present in a mouse liver, the 
number of hepatocytes visible by immunohistochemistry was 
always well above 30%, regardless of whether freshly isolated 
or cryopreserved hepatocytes were used. Thus, these findings 
demonstrate that even if all transplanted cells would have 
reached the liver, which is known not to be the case,^*'*^ cryo- 
preserved hepatocytes were able to extensively repopulate 
diseased mouse liver. uPA transgenic mice are an elegant 
model of liver regeneration, and they have been recently used 
by Sandgren et al.^^ to examine the regenerative capacity of 
thawed mouse hepatocytes. Together, these findings indicate 
that cryopreserved hepatocytes from various species retain 
their regenerative capacity after thawing, which is a funda- 
mental requirement for potential therapeutic applications in 
the future. 

Our data using pure cultures of thawed woodchuck hepa- 
tocytes showed that cell survival in vitro was limited to 1 to 2 
weeks. Although this time frame was sufficient to infect the 
cells and to investigate the early steps of viral replication, it 
appears that thawed cells are not well suited for long-term 
investigations, as may be required for some antiviral studies. 
However, our in vivo results have shown that when thawed 
hepatocytes were transplanted into uPA/RAG-2 mice, the celb 
could recover completely and viral titers were similar to those 
found using fresh hepatocytes. Together, these observations 
indicate that in the proper environment, cryopreserved hepa- 
tocytes are able to survive for prolonged periods, and that 
conditions of incubation after thawing are critical for mainte- 
nance of functional activities. Preliminary studies showed that 
a similar freeze-thaw protocol permitted long-term preserva- 
tion of hepatocytes also isolated from humans. Therefore, it 
will be important to determine whether human hepatocytes 
can also efficiently recover and retain their proliferative po- 
tential after cryopreservation. 

In conclusion, the preservation of highly specific hepato- 
cyte functions, such as permissiveness for HBV infection and 
proliferative capacity after thawing, suggests that properly 
cryopreserved hepatocytes are suitable not only for various in 
vitro studies, but possibly also for studying the potential of 
therapeutic hepatocyte transplantation in humans. 
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Mice containing livers repopiilated with human hepato- 
cytes woiiid provide excellent in vivo models for studies on 
human liver diseases and hepatoiropic viruses, for which no 
permissive cell lines exist. Here» we report partial repopu- 
lation of the liver of immunodeficient urokinase-typ'c plas- 
minogen activator (uPA)/recombinant activation gene-2 
(RAG-2) mice with normal human hepatocytes isolated from 
the adult liver. In the transplanted mice, the production of 
human albumin was demonstrated, indicating that human 
hepatocytes remained functional in the mouse liver for at 
least 2 months after transplantation. Inoculation of trans- 
planted mice with human hepatitis B vims (HBV) led to the 
establishment of productive HBV infection. According to 
human-specific genomic DNA analysis and immunostaining 
of cryostat liver sections, human hepatocytes were esti- 
mated to constitute up to 15% of the uPA/RAG-2 mouse 
liver. This is proof that normal human hepatocytes can in- 
tegrate into the mouse hepatic parenchyma, undergo multi- 
pie cell divisions, and remain permissive for a human hepa- 
totropic virus in a xenogenic liver. This system will provide 
new opportunities for studies on etiology and therapy 
of viral and non viral human liver diseases, as well as on 
hepatocyte biology and hepatocellular transplantation. 
(Hepatology 2001;33:981-988.) 



Abbreviations: HBV, hepatitis B virus; uPA. urokinase- type plasminogen activator; 
RAG-2, recombinaiion activation gcne-2; PGR, polymerase chain reaction: PH. partial 
hepateciomy: EGTA. ethylene g!>-col-bisl/5-amiiK»ethyI ethcr)-N.?s^-tetraacetic acid; 
SDS-PAGE. sodium dodecj'} sulfaier-polj acrylamide gel electroplioresis: Mab, monoclo- 
nal antibody; HSA. human serum albumin; HBsAg. hepatitis D surbcc antigen: HBcAg, 
hepatitis B con: antigen. 
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Persistent infection with hepatitis B virus (HBV) is a major 
worldwide health problem, and chronically infected individ- 
uals are at high risk for developing cirrhosis and he];uitoccllu- 
lar carcinoma.'-- Despite the availability of an HBV vaccine, 
there are still more than 350 million chronically infected peo- 
ple worldwide* and the few antiviral treatments currently 
available have a limited rate of efficacy. The narrow host range 
of HBV and the lack of both in vitro systems and of convenient 
animal models have greatly hampered our understanding of 
the complete virus life cycle, as well as the development of 
more effective antiviral drugs aimed at eradicating the virus 
from chronic carriers.^ Chitppanzees are the only animal spe- 
cies infectable with HBV/-' but studies with these animals and 
evaluation of antiviral therapies are severely restricted be- 
cause of their limited availability and high costs. Animal mod- 
els based on HBV-related hepadnaviruses» such as woodchuck 
and Pekin duck hepatitis B \iruses, are often used for assess- 
ment of antiviral drugs^ and have providt^d important infor- 
mation about factors involved in establidmient of virus infection, 
viral persistence, and hepatocarcinogenesis.^^'* Howe\'er. wood- 
chucks are relatively large animals of ouibred origins that are 
difficult to handle in many laboratories, and chronic hepad- 
navirus infection in birds does not lead to cancer. The devel- 
opment of HBV-expressing transgenic mice has also provided 
important in.sight.*; regarding viral pathohiology and the role 
of HBV gene products in hepatocellular injiir)'.^-'^^^^ Al- 
though infectious virus can be produced in transgenic mice, 
their hepatocytes are not permissive for infection, lliereforc, 
the .still-unknown early steps of viral infection, such as virus 
receptor recognition and mechanism of entry, cannot be ad- 
dressed in these syslcms. 

Furthermore, unlike in HBV-infeclcd human hepatocytes, 
all viral RNAs arc ^nthesized from a chromosoinally inte- 
grated copy of the virus, and no cccDNA, the natural template 
of viral transcription in vivo, is produced. This implies for 
instance that complete abrogation of virus production by an- 
tiviral drugs, which requires elimination of covalenily closed 
circular DNA, cannot be studied in transgenic mice. Taken 
together, elucidation of the early steps of HBV infection and 
more meaningful testing of new antivirabi wouki greatly profit 
from an animal system with HBV-permissive human hepato- 
cytes incorporated into the liver parenchyma. 

Although techniques for the isolation of hepatocytes from 
human livers are continuing to improve, primary human 
hepatocytes arc difficult to maintain in culture and become 
nonpermissivc for HBV very quickly after plating. In addition, 
they arc never identical in function and gene expression to 
hepatocytes integrated in the liver architecture. Therefore, 
any technique that would allow human hepati>cytes to remain 



981 



•I 



982 PANDRl ET AL. 

in an en vironmeni thai supports both cell growth and liver- 
specific differentiation would offer unique opportunities to 
study human hepatotropic viral infectiorts and to evaluate the 
efficacy of novel antiviral drugs in a system closely mimicking 
the in vivo situation. 

Liv cr repopulation with hepa tocy le transpla ntation has sig- 
nificant potential for gene therapy apph cations and analysis of 
fundamental biological mechanisms in metabolic and viral 
diseases. Previous studies documented that transplanted 
hepaiocytes can integrate into the host liver parenchyma-^-^: 
however, transplanted hepatocytes show very limited prolif- 
erative activity in the normal liver.-** Studies in transgenic 
mice have shown that the liver can be repopulated by geneti- 
cally engineered rodent hepatocytes harboring a selective 
growth advantage over resident hepatocytes.-^-^' The discov- 
ery of a liver-toxic phenotype in urokinase-l)'pe plasminogen 
activator (uPA) transgenic mice led to the development of a 
novel liver repopulation model, in which hepatocyte- targeted 
expre.<«ion of thealhumin-uPA iransgene depletes host hepa- 
tocytes progressively. Cell damage appears to be caused by 
intracellular activation of the uPA substrate plasminogeri, 
which in turn would activate plasmin and induce proteol)nic 
damage within the rough endoplasmic reticulum. Therefore, 
uPA transgenc expression leads to the death of transgene- 
airrying hepatocytes, and this results in a growth advantage 
for transplanted cells that are amplified in a polyclonal pat- 
tern. However, transgene deletion takes place in some endog- 
enous mouse hepatoc)'tes, and those cells are competitively 
growing with transplanted hepatocytes.-^--* In this mouse 
model, hepatocyte-proliferative stimulus lasts approximately 
8 weeks after birth, until the transplanted hepatocyte mass 
becomes comparable with the hepatocyte mass in the liver of 
non transgenic normal mice. ^'-3* 

To develop a novel hepatitis B mouse model, we recently 
crossed uPA transgenic mice with recombinant activation 
gcne-2 (RAG- 2) mice, wliich lack mature T and B lympho- 
cytes as a result of a deletion in the RAG-2.-^- As a result, 
transj^lantation of woodchuck hepatocytes allowed extensive 
proliferation of xenografted cells in the mou.sc liver and per- 
mitted establishment of productive woodchuck hepatitis vi- 
rus infection with indefinite viral replication in mice.'' 

To further investigate whether the uPA/RAG-2 mouse 
model could be extended to human hepatocyte- based sys- 
tems, mice were transplanted with primary human hepato- 
cytes isolated from the normal adult liver. Transplanted hu- 
man hepatoc)'tes became integrated in the uPA/RAG-2 liver 
parenchyma and were estimated to constitute up to 1 5% of the 
mouse liver. When UPA/RAG-2 mice were inoculated with 
HBV- infectious serum, HBV-spccific markers were specifi- 
cally found in the liver and in the j>eripheral blood of hepato- 
cyte recipients. The ability to establish productive HBV infec- 
tion in mice transplanted with human hepatoc)'tes indicates 
that such a system will allow analysis of viral biology in a 
convenient small-animal model. 

MATERIALS AND METHODS 

Animah. uPA transgenic mice and RAG-2 knockout mice were 
purchased from Jackson Laboratories (Bar Harbor, ME) and Taconic 
Farms (Gennantown. NY), respectively. Animals were housed and 
maintained under specific pailiogen-free conditions in accordance 
with institiuional guidelines under approved protocols. uPA trans- 
genic mice were crossed widi RAG-2 knockout mice, and chimeric 
mice were characterized by polymerase chain reaction (PCR) as prcr 
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viously reported.'* Only hemizygous uPA mice were used for trans- 
plantation experiments. 

Isolation and Transplantation of Hianan Hcijotocytcs. Donor human 
livers iliat were reduced in size for transplantations into children or 
were rejected for imnsplan union because of traumatic lesions, as well 
as liver tissues obtained from p;Uienis undergoing partial hepaiecto- 
mies (PH) because of metastases of colorectal carcinoma, were used 
for cell isolation and transplantation procedures in accordance with 
institutional guidelines. In all cases, patients were negative for HBV, 
hepatitis C virus » and human immimodcficiency virus serologic 
markers; liver biopsies were negative for HBV markers; and isolated 
hepatocytes were checked for the absence of specific HBV-ONA se- 
quences by PCR. The donor livers were perfused in sim with cold 
Lhiiversiiy of Wisconsin solution (Du Pont, Wilmington. DE) before 
explantaiion and kept on ice until use. In the case of tumor resec- 
tions, a wedge from the resected liver lobe was cut ai a distance of at 
least 3 cm from the metastasis. Warm ischemia lime, defined as the 
time after clamping of the branches of the hepatic artery and portal 
vein until excision of tlie piece of tissue, varied from 90 minutes to 4 
hours. Immediately after excision, the liver tissue was placed on ice 
and immediately perfused willi Ice-cold University of Wisconsin so- 
lution by means of multiple catheters inserted into the vessels on the 
cut surface of the resected fragment. 

Thereafter, human hepatocytes were isolated using a 2-step colla- 
genase perfusion method. Briefly, a branch of the portal vein was 
cannulated. the liver or liver segment was placed on a sterile glass 
plate, in a 37^C veater bath, half-submersed in prcwarmed isotonic 
solution, and perfused for 5 minutes with the preperfusion solution 
(1 X Leffert's buffer: 10 mmol/L HEPES, 3 mmol>T- KO. 130mmol/L 
NaCJ, ) mmol/L NaHjPOn-H.O, 10 mmol/L glucose |pH 7,41) con-, 
taintng 5 mmol/L ethylene glycol-bisO-aminoethyl elher)-N,N-iet- 
niacctie acid (EGTA). The flow rate of the perfusate was 100 mL/min. 
and all the solutions were prewarmed at 38°C Thei-c:after, Leffert's 
buffer not containing EGTA was allowed to nm through the Irvcr for 
3 to 5 minutes, and then the tissue was perfused with the colJagenase 
buffer (IX Leffcrfs buffer containing 5 mmol/L CaQj and 0.05% 
jwt/vol} collagcnase type. 1 |Worthington Biochemical. Corp., NJ]). 
Perfusion time with collagcnase varied between 10 to 30 minutes 
according to the size of the tissue. Subscqucnily, the digested liver 
tissue was placed in cold Lcfferl*s buffer supplemented with 5 
mmol/L CaC32r the liver capsule was ciu, cells were dissociated, and 
then filtered throvigh ]00-^m nylon fillers. Cell suspensions were 
ccntrifuged 3 times (50g, 5 minutes) to separate hepatocytes from 
nonparenchymal cells. Hepatoc>'te viability was assessed by Tr)'pan 
blue exclusion. Immediately after isolation. 3 X 10^ viable human 
liepatocytes were resuspended in a volume of 50 fil. phosphate- 
buffered saline and transplanted into 13- lo 21 -day-old recipient 
uPA/RAG-2 mice by intrasplenic injection.^^ 

HBV Infection Studies. Human serum containing high-titer HBV 
DNA (5 X 10® virus genome cquivalents/mL serum) was obtained 
from a HBV chronic carrier, and samples were aliquotted and kepi at 
— TO^'C until use. For HBV infection studies. 2 days after hepatocyte 
transplantation, 2 transplanted and 2 nontransplanted mice were 
injected subcuianeusly witJi 20 /xL of HBV>positive hurh an serum. 

Detection of Human Scnon Albtwtin and Viral Envelope Proteins by Jmmii- 
noblottittg. Samples of mouse and human sera were subjected to so- 
dium dodecyl sulfate— polyaciylamide gel electrophoresis (SDS^ 
PAGE) and bloued onto polyvinylldene difluoride (PVDF)- 
membranes. The blots were probed either with a cominercially 
available mouse monoclonal antibody (Mab) against hiunan serum 
albumin (HSA) (1: 10,000 dilution; Sigma. St. Louis, MO), which 
does not cross-react witli the mouse proteins, or with a mixture of 
Mate specific for HBs (Mab H 166, courtesy of R. Decker, Abbott 
Diagnosiika, Wiesbaden, Germany; dilution 1:10,000) and PreSl 
(Mab 18/7, kindly provided by W. Gerlich, Univereity Giessen, Ger- 
many: dilution l:4,tX)0). Specific binding was delected by using per- 
oxidase-coupled anti-mouse IgG antibodies and an cnluuiced chemi- 
luminescencc system (Pierce. Rockford, IL). For semiquantitative 
determination of the relative amount of HSA in transplanted mouse 
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sera, the mouse scrum samples to be quantifiexl plus a set of ariificial 
mixtures composed of known ratios of human and mouse sera were 
used to prepare Western blots. A series of exposures were made, and 
the film on which Uie lowest concentration of HSA was just detect- 
able was used for densilometric analysis. Each mouse serum sample 
was analyzed by ECL Western blot, and HSA levels were quantified 
using scanning densitometry at least twice. 

Detection of Hitman Genomic DNA in Mouse liver Genomic DNA was 
extracted from frozen liver tissues by proteinase K digestion, phenol 
extraction, and ethanol precipitation as described.^^ Human 
genomic DNA in transplanted uPA/RAG-2 mouse livers was detected 
both by PCR and by dot-blot hybridization. A computer search using 
tbeMAC Vccior/gcne bank BLAST search program was performed to 
identify short nucleotide sequences specific for human Ahi DNA 
repeals. Several oligonucleotides were selected and used as VCR 
primeis to test their specificity on human and mouse genome DNAs 
(data not shown). The following primers specific for the human Alu 
sequences: Primer 1 , 5'-GCT TCC TGA GTA ACT GGA CAA GAG 
03\ and Primer 2, 5'-TGC GAT GGC ATG TTT CCA AG-3\ were 
chosen for PCR amplification, because ihey produce a specific band 
of +41) bp thai is not detectable using mouse tissue as the template. To 
estimate the percentage of human versus mouse genomic DNA in 
transplanted mice. 2 ftg of DNA extracted from liver tissues was 
dot^bloued onto a nylon mejnbrane*^ and hybridized under higji- 
stringenc)' conditions overnight with a 440-bp Ahi DNA P^^.iai^j^d 
probe, which was obtained by PCR using the above-mentioned Ahi 
primers and human genomic DNA as the template. Test mixtures of 
known amounts of human and mouse genomic DNAs were loaded in 
parallel on tJie blots and served as a standard. Hybridi^tion signals 
were quantitated by scanning densiiometiy using the TINA program 
from Ra>test (Strauben. Hardt, Germany) and a FujiX/2000 laser 
densi lorae i er (Fuji , D usseldo rf , Germa ny) . 

DeUciion and Qtutntification of HBV in iiPA/RAC-2 Mottse Sera. Viral 
DNA was extracted from mouse and human sera using the QIAamp 
Blood Kit (Qiagen, Hilden, Germany) and amplified by PGR with ihe 
following primers: Primer 1-1823 (-1- ): 5'- ill I ICACCTCTGCC- 
TAATCATC-3'; Primer 2-2121 (-): 5'-ACCCACCCAGGTAGCTA- 
GAGTCAT-3'. To determine the IIBV-DNA titer in mouse and hu- 
man sera, samples were also analyzed using the LightCycler system 
(Roche. Basel. S\vitzerland'} in a quantitative real-time PGR reaction 
using the same primers as above and the fluorescent>labeled hybrid^ 
izaUon probes: LCRed640 1877 (- ): 5'-TTGGAGGCTTGAACAG- 
TAGGACATGA-3', FITC 1899 (-): 5'-CCAAAGCCACCCAAG- 
GCAC-3'. As a control, known amounts of cloned HBV DNA were 
amplified in parallel to establish a standard curv'e for quantification. 

BlfMyd Ctiemistryand Enzyme- United Innn unosoii>enl Assay for Hepatitis B 
Siirfoiu: Aniigctt. Sera were analyzed for total protein, albumin, biliru- 
bin, and alanine transaminase and aspartate transaminase aclivit}' in 
a standard automated clinical analyzer (Siemens, Miinchen, Genna- 
ny). Human hepatitis B surface antigen (HBsAg) was measured using 
the HBsAg Axsym Test (Abbott. Wiesbaden, Germany) using 1:100 
. dilution of the mouse sera. 

Histotogic Studies. Serial cr^'ostai sections of transplanted and non- 
transpbnted uPA/RAG-2 mouse livtars were examined by Iiemalox- 
ytin-eosin staining, and by immunohistochemistry with a rabbit an- 
tiserum (liepatiu's B core |HBc] antiserum) (DAKO Diagnostika, 
Hamburg, Germany) against human hepatitis B core antigen (HBt 
cAg). For immunohistochemical staining, sections were fixed in ac- 
etone and incubated with HBc antiserum (diluted 1:250 in phos- 
phate-buffered saline containing 5% goat scrum) for 1 hour at room 
temperature. Endogenous peroxidase activity was blocked with 0.3% 
H2O2 and methanol. Specifically bound antibody was visualized by 
incubation with a biotinylated goat anu-rahbit IgG antibody, fol- 
lowed by incubation with sireptavidii>- horseradish peroxidase and 
diaininobenzidene as substrate (Veciasiain ABC kit, Burlingame, 
CA). To estimate the percentage of donor human hepatoqT.es in 
recipient livers, 10 sections per liver lobe were cut from 5 lobes of 
ciacb of the analyzed mice (50 sections total) and immunostained 
with HBc antiserum. Twenty-five random fields per secUon were 



Table 1. Transphntation of Primary Human Hepatoc>tes in uPA/RA6-2 
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Tmnsplantecl 




With 


Humnn Liver 


Viability* 


uPA/RAG-2 


Survival 


HSA 2: 


Specimens 


(%) 


Mice 


Ratio 


1% 


A (donor liver) 


81 


3 


2/3 


2/2 


B (donor liver) 


S5 


5 


5/5 


4/5 


C (donor liver) 


83 




i/4 


1/3 


D-H (PH livcre)t 


40-60 


29 


26/29 


(V26 



♦Trypan blue exclusion test was used to dcicrmine. hcpatoc>ne xiability 
shordy before transplantation into uPA/RAG-2 mice. 

tPH livers, human liver specimens oblained aficr partial hepateciomy. 



examined microscopically (>2,CH)0 cells), and ific percentage of HB- 
cAg-positive stained hepaioc>^es was calculated. 

RESULTS 

TraitspJaniation of uPA/RAG'2 Mouse Liver With Xenogenic Hw- 
man Hcpatocyics. To isolate primary human hepatocyies, we 
used both donor liver specimens that were not used for hu- 
man Uver transplantation » and surgical liver tissues remaining 
after PH. Immediately after cell isolation, human hepatoc)'tcs 
were transplanted into multiple uPA/RAG-2 mice by intra- 
splenic injection. So far, we succeeded in transplantation of 
human hepatocyies only by perfusing donor liver specimens 
(n = 3), not by using surrounding tissues from tumor resec- 
tions (n = 5). Viability of hepatocytes isolated from healthy 
iN-ers was high (>80%), and approximately 80% of trans- 
planted mice (10 of 12) survived the procedure (see Table 1). 
Ihe most common reason for death of transplanted young 
mice was a diffuse bleeding complication caused by the over- 
expression of uroplasminogcn. Bv screening of the mice for 
the production of HSA (see below), we estimated that engraft- 
menl of human hepatocytes was successful (HSA ^1%) in 
70% (7 of 10) of the transplanted mice. Viable hepatoc)'tes 
could be isolated from PH livers that underwent a consider- 
able time of warm ischemia before perfusion (90 minutes to 4 
hours), but cell viability was lower (40% to 80%) and trans- 
plantation into mice was not successful (0 of 29). Hepatocytes 
that had been liberated from cirrhotic livers or from healthy 
donors in other liver centers, and were sent to us as cell solu- 
tions, were also not successfully transplanted. 

E vahintion of Human fiepatocyte Eitgraftmcnt in Mice, To screen 
for survival and engraftment of transplanted human hepato- 
cytes, 8 weeks after transplantation, serum albumin profiles 
were analyzed by immunoblotting using a specific Mab that 
docs not cross-react with any mouse serum protein. Human 
albumin was specifically found in uPA/RAG-2 mice sera con- 
taining human hepatocytes (Fig. I A, lanes 1 and 2). while no 
positive signals were detected in sera of nontransplanted mice 
(Fig. lA, lanes 3 and 4), which had been inoculated with 
human serum 2 days after hepalocyie transplantation. 

To evaluate the ratio of human versus mouse serum albu- 
min in transplanted mice, test mixtures of human and mouse 
sera were loaded in parallel onto the gel; and signal Intensities 
on the blots were qiiantified by densitometry. As shown in 
Fig. lA and IB, 2 months after transplantation, levels of hu- 
man albumin ranged between approximately 1% to 10% 
(mean of 5%) in the sera of 5 successfully transplanted mice, 
and in 2 cases (mouse #226 and #273). HSA levels appeared to 
l5e even higher (1 5% and 13%, respectively), strongly indicat- 
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Percentage of human serum 
transp, nontransp. in mouse serum (%) 




1 2 34567 8S to 11 12 



Mice transplanted Percentage of human serum 
with human hepatocytes in mouse serum (%) 



271 272 273 274 275 0 1 10 




1 2 3 4 S 6 7 8 



Fig. 1. Secretion of HSA in ihe scrum uf uPA/RAG-2 mice 8 weeks after 
hcpalocyic imnsplanuition. Human aJbumin was specifically detected in ihc 
scrum of transplanlcd mice by 5DS-PAGE ( 10%) and immunoblotting with a 
specific antibody raised against human albumin. (A) Serum samples of 2 
uPA/RAG-2 mice transplanted with normal human Jiepatocjaes (Janes I and 
2) and from 2 nontransplantcd uPA/RAG-2 mice (fanes 3 and ■#), which had 
been previously injected with human serum (sec text). (B) Levels of human 
albumin detected in different mice {lanes J.5) u^isplanted with human hepa- 
ioc> les (5 : : 105 ^^ijg) liberated from donor liver B (sec Table J >. Mouse #27 1 
Oane 1) was noi successfully mmsplantcd (HSA < 1%). The amount of hu- 
man albumin in mouse sera was qtuintified by loading in parallel defined 
mixtures of a human and a mouse serum; perccniagc of human serum is 
gi\'cn. All serum samples were diluted 1:1,000 before loading. 



ing that transplanted human hepatocytes engrafted and sur- 
vived in the uPA/R.\G-2 livers. 

To directly demonstrate human hcpatoc)'te engraftmcnt 
into the liver of u PA/RAG- 2 mice, animals were killed 2 
months after transplantation, and the livers were screened for 
the presence of human specific genome sequences both by 
PGR and dot-blot hybridization. Genomic DNAs were ex- 
tracted both from liuman and mouse liver specimens and am- 
plified by PGR using primers specific for a fraction of highly 
repeated human AIii sequences (see Materials and Methods): 
A single band of the expected size (440 bp) was exclusively 
amplified when DNAs extracted eiilier from human or uPA/ 
RAG-2 mouse livers transplanted with human hepatocytes 
were used (Fig. 2A). To obtain a rough estimation of the 
amount of human hepatocytes present in transplanted livers, 
we hybridized DNAs extracted from mouse livers (Fig. 2B, 
lanes 1 and 2), as well as lest niLxtures of human and mouse 
genomic DNAs (Fig. 2B, lanes 3 to 5). with a DNA probe 
specific for human Ahi sequences. Positive PGR and dot-blot 
hybridization signals were clearly detected only in the livers of 
transplanted mice that were also positive for the presence of 
HSA (t.c., mouse #275), thus proving that detection of human 
albumin by immunoblotting is a suitable screening assay to 
estimate transplantation efficacy. Furthermore, scanning dcn- 
sitometr)^ revealed that the percentage of human genomic 
DNA in the mouse liver specimens analyzed ranged between 
2% lo 10%. suggesting that a certain degree of repopulation 
may have occurred, because only 5 X 10' human hepatocytes 
were transplanted in each animal (which is approximately 
0.5% of the hepatocyte number present in a mouse liver). We 
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did not detect human DNA in tissues other than the liver, 
demonstrating that normal adult human hepatocytes did not 
survive in spleen, pancreas, mesenterium. or lung (data not 

shown). 

UP,A/%\G-2 mice containing human hepatocytes were clin- 
ically healthy, and the livers appeared normal in respect to 
color, size, and liver-io-body-weight ratios at killing. Serum 
concentrations of total, protein," albumin, bilirubin, and 
transaminases were similar iH''uPA/RAG-2 mice containing 
human hepatocytes compared with control nontransplanted 
littermates (data not shown) . 

Establishment of Productive HBV Infection in Transplanted uPA/ 
RAG-2 Mice, Provided transplanted Iiuman hepatoc>'ics re- 
main highly differentiated, they should be permissive for HBV 
infection and repHcaiion, because HBV infection is one of the 
most sensitive markers for the differentiation status of hepa- 
tocytes. Thus, the successful infection of transplanted hepa- 
tocytes in mice would indicate the retention of a highly hep- 
atocyte-specific differentiation status of the transplanted cells, 
and imply that these mice represent a very xiseful animal sys- 
tem for HBV infection studies in vivo. Therefore, 2 days after 
transpbmtation, 2 uP.VRAG-2 mice and 2 control nontrans- 
planted httermates were injected with HBV-infectious human 
serum. Eight weeks after infection, HBV viremia was deter- 
mined by measuring HBV-DNA levels using a real-time quan- 
titative PGR assay. High levels of HBV DNA (4.5 and 10 X 10» 
genome equivalent/niL serum) were found in sera of uPA/ 
RAG-2 mice transplanted with human hepatocytes, whereas 
no viral DNA was detectable in nontransplanted but HBV- 
injected mice. The absence of HBV-DNA in nontransplantcd 
mice demonstrated that positi\'e signals could not have re- 
sulted from the original injection and, as expected, that mice 
not containing human hepatocytes arc not susceptible to HBV 
infection. Agarose gel electrophoretic analysis of the amplified 
DNA showed a single band of the expected size, demonstrat- 
ing the specificity of the PGR assay (Fig. 3A). 

COObp ^^^^^^^^HIH 
400 top ^^^^^^^^^QH 
30D bp ^^^^^^^^^^H 

12 3 4 

B 

transplanted Percentage of human versus 
mice mouse genomic DNA (%) 



275 271 0 1 10 




1-2 3 4 5 



Fig. 2 Detection of human l>epalocy tcs in the liver of urans^lantcd mice. 
Genomic DNA was exiractcd from ihe liver of mice tmnspjantcd with human 
hepatocytes and anal>'zed both by PCR and by dot bloi using a P^-.labclcd 
DN.A probe specific for the human Alu sequences. (A) A specific band of 440 
bp was amplified using human tissue DNA (lane 4), but not mousc liver DNA 
Oant 2). Specific DNA amplification was exclusively visible in the liver of 
transplanted mice (lane 3). Lane I. molccular-wright standard. (B) Lattes I 
and 2. reprcsentaiivc example of mice successfully (#275) and unsuccessfully 
(#271) transplanted with hepatocytes isolated from ihe same donor liver. 
Unes 3-5 present mixtures of genomic DNAs extracted from human livers 
and uniransplanlcd uPA/RAG.2 mouse livers. Percentage of human hepato- 
cyte DNA is given. 
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transp. nontransp> HBV*» sera HBV'plasmid 
MW 222 226 331 335 Wgh low 1 pg 0.01 pg Mock 




100 bp 



B 



transp. nonlransp. MBV-serum 

222 226 331 335 0.1 pt 1 nl 



^ PreS glyc. 
4iPreS 




Fig. 3. Establtshmenl of HBV infection in mice tmn^lanied with human 
tiepatoc>'tes. (A) Agarose gel analj-sis of HBV DNA amplified by PGR from 
mouse and human sera . Lane I, molecular-weight standard; lams 2 and 3, 
scrum samples from uPA/RAG-2 transplanted mice 2 months after injection 
of HBV-infeclious scruin; Janes -t and 5. noniransplantcd, but HBV-injcclcd, 
uPA/RAG-2 mice; HBV DNA from senim of a high-tiiered iJane 6) and a 
low-litcrcd (lane 7) HBV patient; 7anc$ 8 and 9. 1 pg and 0.01 pg of an HBV 
piasmid used in a control PCR reaction, respectively; Jane 10, mock control. 
HBV-DNA liters were quantified by using a reaJ-lime quantitative PCR assay 
as described. (B) Detection of viral envelope proteins in mouse sera by im- 
munoblotting. Human and mouse sera were resolved on a 15% SDS-PACI; 
geU and viral envelope proteins were deiccicd with a mixture of monoclonal 
onli-S and anti-preSl antibodies. Serum samples (1 /iL) from uPA/RAG-2 
mice transplanted with adult human hepatocytes and infected with HBV 
{lanes I and 2); serum samples from HBV-injeclcd. but nontiansplanled. 
liitcrmates (/tfiies 3 and 4); lanes 5 and 6. 0 I and 1 fit of human serum from 
a highly vircniic carrier (1 X lo'* HBV genome equhralems^nL serum), 
respectively. 



As indepciideni evidence for the establishment of produc- 
tive HBV infection in transplanted uPA/RAG-2 mice, we ana- 
lyzed the presence of viral envelope proteins in the mouse sera 
both by enzyme-linked immunosorbent assay and by immu- 
noblotting. In the enz)'me-l inked immunosorbent assay, mice 
sera resulted in positive-versus-ncgative (S/N) sample ratios 
of 74 and 1 14. which is in the same range as signals routinely 
obtained with highly viremic human sera. As expected, sera 
from mice that received HBV- infectious serum without previ- 
ous hepatocyte transplantation were negative in this assay. 
Analysis of the viral envelope proteins by immunoblolting 
using a mixture of 2 Mabs against small (HBs) and large S 
(preSl) envelope proteins revealed the presence of specific 
hands in transplanted mouse sera (Fig. 3B, lanes 1 and 2). 
These bands comigraied with the glycosylated and nonglyco> 
sylated forms of HBs and preSl from a higlily viremic human 
serum (1 X lO^^MBV genome cquivalcnts/mL serum) loaded 
in parallel on the blot (Fig. 3B, lanes 5 and 6). The. intensity of 



the bands obtained with serum samples from transplanted 
mice ( Fig. 3B» lanes 1 and 2) indicated an approximately 10- 
fold lower level of viral envelope proteins in mice compared 
with the HBV-posiiive human serum used. Because the vire- 
mia in the transplanted mice was also 1 0-fold lower than in 
the highly viremic human serum used as control these data 
strongly suggest the presence of a similar excess of subviral 
particles versus virions in sera of transplanted mice as known 
for humans. 

Himutn Hepatocytes Can Partially Rcpofulatr. thr iiPA/RAG-Z 
Mouse Liver. The expression of HBV-spccific genes represents 
an unequivocal marker to distinguish between mouse host 
and ti-ansplanted human hepatocytes, and permits a rough 
estimation of the number of successfully transplanted and 
functional hepatoc}'tes in mouse livers.'^-^ Therefore, mouse 
liver sections randomly chosen from different lobes were im- 
munohistochemically stained for HBcAg. Eight weeks after 
HBV infection of mice transplanted with human hepatoc)'tes, 
HBcAg- positive hepatocytes were found as clusters through- 
out the uPA/RAG-2 moiLse livers and, as expected,^* grouped 
around portal veins and in adjacent areas (Fig. 4A-C). Inspec- 
tion of muhiple cr)'ostat sections for each of the transplanted 
and infected mice (recipients #222 and #226) revealed HB- 
cAg-posiiive staining in 5% ± 2% and in 15% ± 4% of all 
hepatocytes, respectively (mean ± SD), whereas none were 
positive in nontraiisplanted but HBV-injecled mice (Fig. 4D). 

Histologic examination of various extrahepatic tissues of 
transplanted mice, such as spleen, lungs, and peritoneum, 
failed to identify sur\iving hepatocytes in those organs 8 
weeks after transplantation (data not shown). These observa- 
tions are in agreement with previous reports showing that 
intrasplenic injection of nonnal hepatocytes in mice does not 
favor persisting cell engraftment in tissues other than the liv- 
er 31.37 Furtheniiore, no tumor formation was observed in 
uPA/RAG-2 transplanted mice, strongly arguing for the pres- 
ence of only nonnal hepatocytes in our donor sources. Be- 
cause we did not detect any inflammatory response 8 weeks 
after transplantation of human hcpatoc)'tcs, it is very likely 
that persistent HBV rephcation beyond our observation pe- 
riod can be established in this model, similar to that reported 
for woodchuck hepatitis virus in the woodchuck hepatocyte 
transplantation mod el . 

Previous studies indicated that only approximately 20% of 
splenically injected cells reaches the liver and survives (that 
corresponds in our experiments to about 1 X UV cells), while 
a mouse hver contains about 1 X 10® hcpatocytes.-^-^^ In this 
case, engraftment without repopulation could result in only 
0.1% to 0.5% human hepatocytes in transplanted mice. The 
presence of 1% to 1 5 % human hepatocytes in mouse livers, as 
indicated by the levels of human albumin in the serum, hu- 
man genomic DNA in the liver, as well as by the number of 
HBcAg-positive hepatocytes, strongly suggests that each 
transplanted human hepatocyte may have undergone up to 6 
to 7 cell doublings, provided that all transplanted cells prolif- 
erated equally. Based on these data and considerations, hu- 
man hepatocytes have significantly proliferated in the uPA/ 
RAG -2 mouse liver environment, and their growth pattern 
appears to have restored a normal cord structure of the liver. 
To assess whether a significant human hepatocyte engraft- 
ment is feasible when using RAG-2 mice that were not crossed 
with uPA transgenic mice, transplantation experiments were 
performed in parallel with such animab, including infecting 
them with HBV posttransplantation. No evidence for success- 



986 DANDR) ET AL. 



Hepaiolog^' April 2001 




Fio. 4. Histologic localizaiion of HBV-infccied human hcpaioo^es in uPA/RAG-2 mice 8 weeks after iransplanutioh. Detection of HBcAg in 2 uPA/RAG-2 
mouse livers (A-C) by staining with an HBc antiserum. Strong nuclear and occasionaUy some cytoplasmic (A) staining in periportal and adjacent areas. (D) 
Ln'cr tissue from a nontransplanted. but HBV.injected. uPA/RAG-2 mouse showed no HBcAg reactivity. (Original magnification | A, D| l llOO; |B, C| .•>:200 ) 



ful cngraftmcnt of human liepatocytes in RAG-2 mice was 
obtained, as was evident from the failure to delect HSA (limit 
of detection 0.1%) or HBV DNA in the sera 8 weeks after 
transplantation. In addition, histochemistry was negative for 
HBcAg (data not shown). 

DISCUSSION 

This is the first report that highly differentiated normal 
human hepatoc)'tes are able to engraft a xenogenic liver. Fur- 
thermore, our data demonstrate that the use of immunotoler- 
ant RAG-2 knock-out mice crossed with uPA transgenic mice 
allows not only integration, but abo partial repopulation of 
the mouse liver with these hepatocjtes. The highest degree of 
liver repopulation achieved so far by transplanting human 
hepatocytes isolated from the adult liver, according to sero- 
logic and histologic values, was estimated to be up to 15%. 
Although that is clearly below the repopulation level reached 
by transplanting hepatocytes isolated from woodchucks (up 
to 90%)^^ or from other rodents,***^ our results demonstrate 
that even partial repopulation allows to reach virus titers com- 
parable with those generally found in many HBV carriers. The 
lower degree of cell growth achieved by transplanting human 
liver cells may be the result of differences in the quality of 
hepatocytes recovered from human livers compared with 
those routinely obtained by in vivo perfusion of animals. 
Moreover, evolutionary differences between human and ro- 
dent hepatocyte-specific proteins involved in cell/cell interac- 



tions or in other functions may also impair the repopulation 
efficacy of human hepatocytes. However, the production of 
HSA and HBV circulating virions 8 weeks after inansplania- 
tion indicate that function and differentiation status of repop- 
ulating human hepatocytes arc well maintained in adult uPA/ 
RAG-2 mice. Therefore, it will be important to determine 
whether the system is also suitable for studying infection of 
other hepatotropic vinxses* such as hepatitis C virus, and 
hepatotropic microorganisms for which no permissive cell 
lines exist. 

We are aware that in recent years, several other groups tried 
to repopulate mouse livers with human hepatoc>'tes, with Um- 
itcd success. From our experience, it appears that the most 
critical and limiting factor to succeed in transplantation of 
normal human hepatocytes in these mice is the scarce avail- 
ability of healthy liver tissues that underwent a very short 
ischemia time before perfusion. Under these circumstances, 
our transplantation efficacy was 70%. All other experiments, 
as described above, failed in our hands. Interestingly, frac- 
tions of Iiepatocyles isolated after a warm ischemia time of 
more than 1 hour were successfully plated in culture on col- 
lagen layers, but were not successfully transplanted in mice, 
indicating that common markers of cell viability and attach- 
ment efficiency may not be sensitive enough to predict the fate 
of transplanted hepatocytes. Further improvements of human 
hepatoc)le isolation and cryopreservation techniques, as well 
as the attractive pt^ssibility of performing serial transplanu- 
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tion of human hepatocytes from mouse to me>usc, would 
greatly facilitate advances in the field of human hepalocyte 
transplantation. Although it is clear that a larger number of 
independent hepatocyte preparations and successfully trans- 
planted animals are needed to better define the best parame- 
ters as well as the limits of this 5)'stem. our data provide proof 
that partial repopulation of the mouse liver with normal hu- 
man liver cells is feasible. Unfortunately, we were not able to 
detect human hepatocytes in RAG-2 knock-out mice after 
transplantation, which may imply that a liver deficits and pos- 
sibly also ongoing mouse liver regeneration, is a prerequisite 
for successful engraftment. 

The experimental system reported herein has some unique 
features and advantages compared with previous animal mod- 
els used for studies of hepadnaviral infection and pathogene- 
sis 6.15.41 fjict such chimeric animals are likely to allow 
studies of the full HBV replication cycle in a liver containing 
normal human hepatocytes. Furthermore, hepatocytes iso- 
lated from a single human liver can be transplanted into mul- 
tiple recipients, which will all contain human hepatocytes 
harboring the same genetic information. This will be of par- 
ticular value for in vivo testing of antivirals and other thera- 
peutic drugs using rather small amounts of compounds. 
Moreover, we demonstrated that uPA/RAG-2 mice trans- 
planted with human hepatocytes can be infected with HBV in 
vivo. With further modifications of our model, therapeutic 
ajjproachcs aimed at modulation of the immune response may 
be possible. Clearly, our system will offer the possibility to lest 
antivirals that interfere not only with viral replication, but also 
with viral spread, in 2 other recently reported xenotransplan- 
tation models, cell engraftment was achieved by implanting 
human liver slices'*- or hepatocyte suspensions"*^ extrahepati- 
cally, under the kidney capsule of immunodeficient mice. Al- 
though production of 1 IBV was demonstrated, both these sys- 
tems allowed survival, but not growth, of human hepatocytes 
in mice. Transplantation of human hepatocytes in a system 
that allows cell growth in the liver, as shown here, will also 
open new opportunities to study the regenerative potential of 
human liver cell populations,'" as well as mechanisms of cell 
differentiation and hepatocarcinogenesis. Human hepato- 
cytes at different stages of tumor progression may be trans- 
planted into uPA/RAG-2 mice to characterize the cellular and 
molecular phenotype of precancerous cells, as well as factors 
that promote tumor progression. Furthermore, the efficacy of 
anticancer compounds and vectors for gene therapy aimed at 
correcting various metabolic liver di.sea.ses could be evaluated 
directly in these chimeric mice. 

In conclusion, the knowledge that human hepatocytes can 
engraft and partially repopulate a xenogenic liver opens new, 
exciting possibilities to develop novel experimental models 
for studies on human liver diseases and hepatotropic viruses. 
Furthermore, it provides new tools to characterize the biology 
of himian hepatocytes and to improve hepatocyte transplan- 
tation techniques, the latter being a possible alternative to 
whole-organ transplantation in humans. 
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ABSTRACT To investigate host and viral mechanisms de- 
termining hepadna%1ral persistence and hepatocarcinogenesis, 
we developed a mouse model by transplanting tvoodchuck hepa- 
tocytes into the liver of mice that contain the urokinase-type 
plasminogen activator transgene (uPA) and lack mature B and 
T lymphocytes due to a recombination activation gene 2 (RAG-2) 
gene knockout. The woodchuck hepatocj^es were transplanted 
via intrasplenic injection and were found to integrate into the 
recipient mouse liver cord structure. Normal adult woodchuck 
hepatocytes proliferated and reconstituted up to 9Wc of the 
uPA/RAG-2 mouse liver. uPA/R4G-2 mice containing wood- 
chuck hepatocytes were infectable with woodchuck hepatitis 
virus (WHV) and showed WHV replicatioti for at least 10 months 
with titers up to 1 x 10'' virions per ml in the peripheral blood. 
WHV-infected hepatocytes from chronic carrier woodchucks 
also established a persistent infection in uPA/RAG-2 mice after 
an 8- to 12-week lag period of viremia. Although WHV envelope, 
core, and X proteins were produced in the uPA/RAG-2 mice, no 
inflammatory host Immune response vt^s observed in the liver of 
\VHV-replicating mice. A first antiviral test demonstrated a 
greater than four orders of magnitude drop in WHV titer in 
response to interferon ot treatment. WHV replication was up- 
regulated by dexamethasone treatment. Comparison of precan- 
cerous lesions in donor woodchucks versus recipient uPA/RAG-2 
mice revealed an enrichment of dysplastic precancerous hepa- 
tocytes in transplanted mice. OonaJ ampliHcation of hepatocytes 
from a woodchuck with hepatocellular carcinomas was demon- 
strated by the detection of unique WHV DNA integration pat- 
terns in hepatocellular carcinomas that arose in uPA/RAG-2 
mice. In the absence of B or T cell-mediated immune responses, 
WHV establishes a persistent noncytotoxic infection of wood- 
chuck hepatocytes in uPA/RAG-2 chimeric mouse livers. Fur- 
ther studies of the kinetics of hepadnavirus infection and repli- 
cation in quiescent and proliferating hepatocytes should increase 
our understanding of hepadnaWrus spread and aid in the design 
of therapies to block or cure persistent infection. 



Hepatitis B virus (HBV) infection remains a major health 
problem with more than 350 million chronic HBV carriers 
worldwide, who are at risk for developing liver cirrhosis and 
hepatocellular carcinoma (HCC) (1-4). The development of 
effective therapies for eradicating HBV in chronic carriers has 
been limited by our incomplete understanding of mechanisms 
of viral persistence (5). 

Both humoral and cellular elements of the host immune 
response are important for HBV clearance. The humoral 
response to HBV an^tigens (i.e.. antibodies to hepatitis B 
surface antigen) helps clear circulating virions and confers 
protection against reinfection, whereas T cell-mediated re- 
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spouses eliminate infected cells (6, 7). Recent work using R 
transgenic mice has shown that this process can be mediate .: 
by cytokines, such as tumor necrosis factor a and interferon y. 
These cytokines have the capacity to down-regulate HBV 
replication in a noncytopathic manner (8, 9). 

Our aims were to determine whether hepadnavirus replica- 
tion will become persistent in the absence of B and T cells in 
the host and whether acute infection of hepatocytes in such an 
environment would effect the course of hepadnaviral persis- 
tence. To analyze this, we took advantage of recent advances 
in liver repopulation with transplanted hepatocytes (10). The 
discovery of a hepatocyte-lethal phenotype in urokinase-tj :* • 
plasminogen activator (uPA) transgenic mice and The replace- 
ment of livers from those mice with xenografted hepatocytes 
(11-13) suggested to us that if the mouse liver could be 
replaced by hepatocytes amenable to hepadnaviral infection, a 
variety of studies would be possible in mice containing hepa- 
tocytes from a single donor. Furthermore, the potential pro- 
liferation of hepadnavirus-infected transplanted xenogenic 
hepatocytes would allow us to study hepadnaviral replication 
and persistence in proliferating hepatocytes during liver re- 
generation and in quiescent hepatocytes after completion of 
Fiver regeneration. uPA-transgene-expressing hepatocytes a^? 
at a growth disadvantage compared with nontransgenic hep 
tocytes, because transgene expression compromises their fuK . 
tion (11). and thus transplanted hepatocytes are selectively 
amplified in a mixed polyclonal pattern. 

To generate the uPA/recombination activation gene 2 
(RAG-2) mice, we crossed uPA transgenic mice with RAG-2 
knockout mice, which lack mature B and T lymphocytes (14). 
Woodchuck hepatocytes, transplanted via splenic injection 
( 10) into the liver of uPA/RAG-2 mice, became integrated in 
the uPA/R AG-2 liver parenchyma, replacing up to 90^ of the 
uPA/RAG-2 mouse hepatocytes. and supported woodchuck 
hepatitis virus (WHV) replication indefinitely. WHV replica- 
tion in uPA/RA(j-2 mice could be manipulated by ur 
regulatory (dexamethasone) or down-regulatory (interfere;. 
a) pharmacological interventions. In addition, clonal potential 
of liver tumor cells derived from chronic WHV carrier wood- 
chucks could be tested in the uPA/RAG-2 mice. 
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METHODS 

Animals. UPA mice were purchased from The Jackson Lab- 
oratories, R AG-2 knockout mice were from Taconic Farms, and 
adult woodchucks were from North Eastern WOdlife (South 
Plymouth, NY) or Cornell University (Ithaca, N^'). Animals were 
housed and maintained under specific pathogen-free conditions 
in accordance with institutional guidelines under approved pro- 
tocols. We used one uninfected woodchuck. which was negative 
for all WHV markers, and three woodchucks (nos. 2765, 3543, 
and 4940) with persistent WHV infections that were woodchuck 
hepatitis virus surface antigen (WHsAg)-positive and anti- 
-voiodchuck hepatitis virus core antibody (anti-WHc)-positive. 
Tie results from nine randomly chosen uPA/RAG-2 mice con- 
aining transplanted cells are shown in detail. Partial hepatecto- 
nwes in mice were performed under tribromoethanol anesthesia 
(Aldrich) with approved protocols (15). 

Generation of Tolerant uPA/RAG-2 Mice. uPA transgenic 
mice were crossed with RAG-2 knockout mice. The uPA 
transgene was identified by PGR of mouse-tail DNA with the 
following nucleotide sequences: primer 1, 5'-CATCCCTGT- 
GACCCCrrCCo', and primer 2, 5'-CTCCAAACCACCCC- 
CCTC-3'. Homozygous uPA transgenic mice were distin- 
guished from hemizygous mice by PGR as reported (13). For 
the experiments described, only hemizygous uPA mice were 
ised. The RAG-2 knockout mutant gene was identified by 
PGR of tail DNA as described (16). 

Isolation and Transplantation of Woodchuck Hepatocy tes. 
Woodchuck hepatocytes were isolated by the two-step in sitii 
collagenase perfusion method followed by differential centrif- 
ugation (17). Hepatocy te viability was >95%, as measured by 
trypan blue dye exclusion. From 5 X 10^ to 1 x 10^ hepatocytes 
were transplanted into a number of 10- to 18-day-old uPA/ 
RAG-2 mice by intrasplenic injection (17). 

Histological Studies. Serial cryostat sections of woodchuck and 
uPA/RAG-2 mouse livers were examined by hematoxylin/eosin 
staining, dipeptidyl f>eptidase IV (DPPIV) enzyme activity (18) 
and immunohistochemistry with a rabbit antiserum ( WHc anti- 
serum) against woodchuck hepatitis core antigen (WHcAg). For 
immunolabeling, sections were fixed in 4% paraformaldehyde, 
incubated with WHc antiserum (diluted 1:250 in PBS containing 
S% sheep serum) at room temperature, and subsequently incu- 
bated with the Gy3-conjugated sheep anti-rabbit IgG antibody 
(Sigma) diluted 1:200 in PBS with 5% sheep serum at room 
temperature. Finally, slides were mounted in 40 mg of /i-propyl 
gallate per ml in 90^ glycerol/10% 0.5 M sodium carbonate. pH 
8, for viewing under a fluorescence microscope. 

Immunopreclpltation and Immunoblot Analyses. The wood- 
chuck hepatitis virus X (WHx) protein was immunoprecipitated 
from cell extracts with a rabbit WHx antiserum and subjected to 
SDS/PAGE as described (19). For the detection of WHV core 
protein, 20 /ig of total cell extracts was solubilized (20), boiled, 
and separated by SDS/PAGE. The transblots were probed with 
either WHx antiserum (1:1,000 dilution) or WHc antiserum 
(1:5,000 dilution), and binding was detected by the enhanced 
chemiluminescence (ECL) system (19) (Amersham). 

DNA Analysis, Genomic DNAs were extracted from frozen 
liver and used for Southern blot analysis as described (21, 22). 
For detecting woodchuck genomic DNA in transplanted uPA/ 
RAG-2 mouse livers, 150 ng of Pi i/II-digested woodchuck 
DNA was used for a ^-P-labeled random genomic probe. Blots 
were hybridized under high-stringency conditions (23) at 45*'C 
for 2 h. WHV DNA in woodchuck and uPA/RAG-2 mouse 
liver tissues was detected with a genome-length 3.3-kb WHV 
DNA >^-P-labeIed probe (23). 

Detection of WHV DNA, Woodchuck Albumin, and WHsAg in 
Woodchuck and uPA/RAG-2 Mouse Sera. Woodchucks were 
anesthetized with ketamine (Fort Dodge Laboratories. Fort 
Dodge, lA) and .xylazine (Bayer. Shawnee Mission. KS) and 
blood was collected from the femoral vein. Blood was drawn from 
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Fig. 1. Migration pattern of mouse (lane 1) and woodchuck (lane 
2) serum albumin in a Coomassie blue-stained gel. The migration 
pattern of serum albumin from.a*"*representative uPA/RAG-2 mouse 
containing woodchuck hepatocytes shows both mouse and woodchuck 
serum albumin (lane 3). 

the tail vein in mice, both woodchuck and mouse sera were 
dot-blotted onto a nylon membrane (24) and hybridized with a 
^-P-labeied WHV DNA probe (23), and the number of WHV 
DNA molecules was quantitated by scanning densitometry. Serial 
dilutions of known amounts of a plasmid containing one copy of 
WHV DNA served as a standard. For woodchuck serum albu- 
min^ 5 fxg of total serum proteins was solubilized (20), boiled, and 
subjected to SDS/PAGE. Proteins resolved in 7.5% gels were 
fixed and stained with Goomassie blue. For inmiunoblotting of 
WHsAg, proteins were resolved in SDS/PAGE, electrotrans- 
ferred. probed with a rabbit antiserum against WHsAg (AVHs 
antiserum; 1:1,000 dilution), and visualized by ECL. 

Blood Chemistry in uPA/RAG-2 Mice. Sera were analyzed 
for total protein, albumin, bilirubin^ alanine aminotransferase 
activity, and aspartate aminotransferase activity in a standard 
automated clinical analyzer (Technicon). 

Drugs. Interferon a-2b (Schering) at 135 international 
units/g (body weight) and dexamethasone (Fujisawa, Deer- 
field, IL) at 27 ng/g (body weight) were given to mice 
intramuscularly daily for 15 consecutive days. 

RESULTS 

depopulation of uPA/RAG-2 Mouse Liver with Xenogenic 
Woodchuck Hepatocytes. To screen for survival and growth of 
transplanted woodchuck hepatocytes in uPA/R AG-2 mice, we 
analyzed serum albumin profiles from all recipients. SDS/ 
PAGE showed that mouse and woodchuck serum albumin 
migrated differently (Fig. 1). In uPA/RAG-2 mice. 3 months 
after woodchuck hepatocyte transplantation, this assay dem- 
onstrated the presence of both woodchuck and mouse serum 
albumin (Fig. 1). uPA/RAG-2 mice containing woodchuck 
hepatocytes were clinically healthy and the livers appeared 
normal in respect to color, size, and liver weight to body weight 
ratios at sacrifice. Serum concentrations of total protein, 
albumin, bilirubin, and transaminases were similar in uPA/ 
RAG-2 mice containing woodchuck hepatocytes compared 
with control uPA/RAG-2 mice (Table 1). 

Table 1. Serum parameters in representative uPA/RAG-2 mice 



Animal 



Parameter 


351 


457 


496 


969 


Woodchuck hepaiocyies 








-!- 


Total protein, g/dl 


4.4 


4.0 


4.6 


4,2 


Albumin, g/dl 


2.6 


2.4 


2.S 


2.6 


ALT units/liter 


lis 


104 


112 


124 


AST units/liter 


140 


174 


139 


154 


Total bilirubin, mg/dl 


0.2 


0.2 


0.3 


0.2 



uPA/RAG-2 mice containing woodchuck hepatocytes (no. 496 and 
969) were compared with untransplanted uPA/RAG-2 mice (no. 351 
and 457). ALT alanine aminotransferase: AST, aspartate aminotrans- 
ferase. 
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To directly demonstrate the presence of woodchuck hepa- 
tocytes in transplanted uPA/RAG-2 mouse livers, we hybrid- 
ized DN.As extracted from recipients with a total woodchuck 
genome probe, which detects highly repeated sequences in the 
woodchuck genome (Fig. 24). To estimate uPA/RAG-2 
mouse liver repopulation with woodchuck hepatocytes. we 
hybridized test mixtures of woodchuck and mouse genomic 
DNAs in various proportions (Fig. 2.4, lanes 1-5) and DNAs 
from five liver lobes of a uPA/R AG-2 mouse transplanted with 
WHV-positive woodchuck hepatocytes (no. 496; Fig. 2.4. lanes 
7-11). Woodchuck hepatocytes were present in abundance in 
all liver lobes from approximately 30^ to >95% (Fig. 2^). 
Because intrasplenic injection results in uniform cell distribu- 
tion to the liver in normal rats (25), our finding could have 
indicated differences in the proliferative ratios and develop- 
ment of clonally derived islands of woodchuck hepatocytes in 
uPA/RAG-2 mouse liver. Alternatively, in the disrupted 
microenvironment of the diseased uPA liver, cell distributions 
may not have been uniform. 

. Demonstration of WHV Replication and Persistence in uPA/ 
RAG-2 Mice. We tested whether transplanted WHV-positive 
woodchuck hepatocytes supported WHV replication. Genomic 
liver DNA of a representative woodchuck hepaiocyte recipient 
(no. 496) showed open circular WHV DNA, replicative DNA 
forms, and covalently closed circular (CCC) WHV DNA that 
matched the profile of WHV DNA from the donor woodchuck 
(no. 2765; Fig. 25, lanes 2 and 3). Also, WHx and WHV core 
proteins were present in this hVer (Fig. 2 C and £), respectively) 
and the serum contained WHsAg (Fig. 2E). WHV DNA in the 
serum of uPA/RAG-2 mice became detectable only after com- 
pletion of liver regeneration with a lag period of viremia of 8 -12 
weeks after transplantation. WHV DNA titers stabilized at a level 
of approximate^ 5 x 10^ viral genomes per ml in transplanted 



mouse 496 as compared with 1 x 10^ WHV genomes per - v 
the donor woodchuck (data not shown). In other transpi 
uPA/RAG-2 mice, WHV titers of up to 1 X 10" virions p- - - 
of mouse serum were detected (see Fig. 4). In Dane panicj-j 
isolated from the serum of transplanted uPA/RAG-2 mice, viiai 
DNA migrated on Southern blots similar to the WHV DNA froni 
the donor woodchuck. Analysis of WHV RNA in mouse 496 liver 
revealed the ©cpected major mRNA species corresponding to the 
pregenome mRNA and the major envelope protein mRNAs 
(data not shown). 

To investigate the growth pattern of woodchuck hepatocytes in 
uPA/RAG-2 mouse liver, we performed immxmohistochemisTrv 
with a WHc antiserum. WHV-positi\'e woodchuck hepatoc t r. 
had seeded the liver and grown in a nodular pattern within .; 
framework of the preexisting liver with maintenance of the 
cord structure (Fig. 3/4). Untransplanted mice did not show arr» 
specific staining. Integration of the woodchuck hepatocytes into 
the liver architecture was evaluated by histochemistry for the 
enzyme DPPIV, which is localized in bile canahculi of hepato- 
cytes (18). Mouse hepatocytes appeared smaller and DPPIV- 
positive areas were, therefore, more compact. In contrast, areas 
containing woodchuck cells showed greater spacing between 
DPPIV-positrve domains due to larger cell sizes. In chimeric 
uPA/RAG-2 mouse livers containing woodchuck and mouse 
hepatocytes, we observed networks of DPPI V-positive bile can 1- 
iculi between adjacent mouse and woodchuck hepatocytes (Fi j 
oB). The presence of woodchuck hepatocytes in those sectiom 
was confirmed by performing immunohistochemistry using a 
WHc antiserum in serial sections from uPA/RAGr2 mouse liver 
tissues. Interestingly, despite expression of WHV proteins in 
transplanted woodchuck hepatocytes, we did not observe any 
hepatoceUular infiltration with inflanmiatory cells. The uPA/ 
RAG-2 mice arc of course deficient in T and B lymphocytes; 
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Fig. 2. Woodchuck DNA and WHx, WHc, and WHs proteins in uPA/RAG-2 mice transplanted with WHV-positive woodchuck hepatocytes. 
r bl^>^ of genomic DNAs, h>*ridi2ed with a woodchuck genome DNA probe. Lanes 1-4 present mixtures of genomic woodchuck 

hyer DNA and untransplanted uPA/RAG-2 mouse genomic liver DNA with signals reflecting 100^5-, 50^, 20%, and 1%. woodchuck hepatocvte 
o ^^"^ ^ presents 1 00*7 untransplanted uPA/R AG-2 mouse DNA. Woodchuck DNA is undetectable in the spleen of transplanted 

uPA/RAG-2 mice (lane 6) but present m various amounts m all lobes of the liver of the uPA/RAG-2 mouse transplanted with WHV-positive 
woodchuck hepatocytes (lanes 1-\\).{B) WHV DNA forms, detectable in uPA/RAG-2 mouse genomic liver DNA, hybridized with a WHV DNA 
probe Lanes: 1, uPA/RAG-2 mouse liver; 2, uPA/RAG-2 mouse liver transplanted with WHV-positive woodchuck hepatocytes; 3, donor 
woodchuck genomic liver DNA. OC. open circular DNA; RF. replicative WHV DNA forms: CCC covalently dosed circular DNA; SS 
smgle-stranded DNA.I-ane M contains molecular size markers. (C) Immunoprecipitates with WHx antiserum from uPA/RAG-2 mouse liver (lane 
1), from uPA/RAG>2 mouse transplanted with WHV-positive woodchuck hepatocytes (lane 2), and from donor woodchuck liver (lane 3). (D) 
Immiinoblottmg with WHc antiserum of hepatocvte extracts from uPA/RAG-2 mouse (lane 1). from uPA/RAG-2 mouse transplanted with 
WH\ -positive woodchuck hepatocytes (lane 2). and from donor woodchuck (lane 3). (£) WHs proteins in uPA/RAG-2 mice serum 
Immunoblottmg with WHs antiserum of uPA/RAGO mouse 249 and uPA/RAGO mouse sera transplanted with WHV-positive woodchuck 
hepatocytes (uPA/RAG-2 mice 496. 969. 1063. and 1418). Lane WC was probed with WHV-positive woodchuck serum 
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•• ^1^,?"'^''"°" WHcAg in a uPA/RAG-2 mouse liver 
:ontainmgWHV-positive woodchuck hepatocytes bv immunostaining 
vith a WHc antiserum. A nodule containing transplanted WHV- 
x)sitne woodchuck hepatootes (lighter area, rhodamine lioht) and 
lost mouse hepatocytes that presumably deleted the iiPA t;anseene 
n^pl "'t'^ > <^> J^PPIV staining of bile canaKculi 

vi?r ^^"^^ containing woodchuck hepatocv-tes. 

.X200.) BUe canaliculi are visible between mouse hepatocvtes (darker 
ta^Ill^g) and transplamed woodchuck hepatocytes (lighter stainina)" 
Muclei are counterstained with hematoxylin. " 

lowever, no evidence was found of infiltration with granulocvtes 
>r macrophages. 

Infection of Woodchuck Hepatocytes in uPA/RAG-2 Mice 
To investigate whether naive woodchuck hepatocvtes could be 
nfected with WHV.in uPA/R AG-2 mice, hepatocytes from an 
idult unmfected woodchuck were transplanted into the liver of 
iPA/RAG-2 mice as described above. After completion of 
iver regeneration 3 months after transplantation, four uPA/ 
■tAG-2 mice were subjected to a liver biopsy and the presence 
)f woodchuck hepatocytes was confirmed by Southern blot 
inalysis as described above. Subsequently, these uPA/RAG--> 
T^^T'"^ infected intramuscularly with either 10 ix\ of a 
'^Xrf*.^'.'"'* woodchuck serum, containing approximately 
■ *0 J'"e"spermlorwith 10 ^1 of WHV-containingserut^i 
rom uPA/RAG-2 mouse 496 (5 X 10« virions per i^l). The 
stablishment of productive infection was monitored bv serum 
lot blot analysis for WHV DNA. In quiescent hepatocytes 
ifter completion of liver regeneration 3 months after trans- 
Jantation, WHV DNA became detectable at 4 weeks after 
!ISa'u°1^"**™ analysis of uPA/RAG-2 mouse liver 
)NAs hybridized with WHV DNA demonstrated the presence 
^n** replicative WHV DNA forms. The serum 
VHVvinon levels have remained stable for an additional 10 
nonths m the mfected animals (analysis currently ongoing) 
onfirmmg the persistence of WHV infection in uPA/RAG-"' 
nice containing woodchuck hepatocytes. 
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Antiviral Studies fn WHV Replicating uPA/RAG-2 Mice. To 
confirm the usefulness of the chimeric uPA/RAG-^ mouse 
model for stud>'ing hepadnaviral replication, we invesU^ated 
modulation of WHV replication with either interferon a or 
dexamethasone treatment. Three uPA/RAG-2 mice were chosen 
ror this experiment, mouse 1418 containing hepatocvtes from a 
Chronic WHV carrier and mice 1063 and 1098 that Were trans- 
planted with nanre woodchuck hepatocytes and infected with 
WHy<ontaining serum as described above. All mice showed a 
constant level of vu-al rephcation before drug administration (Pis. 
4j Dexamethasone significantly up-regulated viral replicatioii. 
After withdrawal of dexamethasone. the level of WHV repUca- 
uon remamed at higher levels compared with pretreatment levels. 
In contrast, treatment with interferon a down-regulated WHV 
rephcauon m mouse 1063 by greater than four orders of magni- 
tude, to nondetectable levels in serum dot blots after 15 d^ 
However upon withdrawal of interferon a. WHV replication 
rebounded to levels higher than pretreatment WHV levels. 
Mouse 1418 with higher WHV pretreatment levels than mouse 
1063 showed onfy a limited response to interferon a treatment 

f.^ ''^ t^^* "P°° repBcation simflar to mouse 
lUo3 after drug withdrawal. 

Heterogeneous Precancerous and Malignant Phenotypes of 
Transplanted Woodchuck Hepatocytes in uPA/RAG-l Mlce. 
According to multistep models of carcinogenesis, cells undergo 
successive cycles of mutation and selection on their path 
toward mahgnancy (4). These models predict that a WHV 
earner liver will contain hepatocytes that have experienced 
initiating mutations that predispose them to oncogenic trans- 
formation. We reasoned that the regeneration of WHV- 
positive hepatocytes after transplantation might cause (/) 
selection of precancerous hepatocytes, («) enhanced onco- 
genic progression of precancerous hepatocvtes. or (///) both. 
nh^^i f' ^'^ ''^'"P^^d the phenotypes of iransplanted wood- 
hep^'o;=ytes in relation to hepatocytes present in the donor 
woodchuck. Li chronic carrier woodchuck 2765, precancerous 
altered hepatic foci (AHFs) were very rare accoriiig to hem^ 

SKlTttf'?''"^"^ '^^"^ ^"•^^"^ <F^«- ^ "contrast 
nearly all of the transplanted woodchuck hepatowte nodules in 
the correspondmg uPA/RAG-2 mouse Mvers had a distinct AHF 
phenotype (Fig. SB, cells to the right of the arrows) that was 
rf^" ^ft'-oi^ontransplanted uPA/RAG-2 mouse Uvers. A 
^h^!lT . between mouse hepatocytes and wood- 

^'S- 5^ shown in Fig. 5D. 
The woodchuck hepatocytes to the right of the arrows in 5D 




C: Dex. 
#1098 



12 15 21 28 35 42 days 

Interferon - a 4^ 
Dexamethasone 

^r^.'- ^ow„°fI""''^^™" " ^"'l dexamethasone upon WHV 
^retion m uPA/RAG-2 mice. Each trace shows data from'^ndMdual 
uPA/RAG-3 mice containing WHV-secretina woodchuck hepato- 
cytes Arrows mark starting point and withdrawal of agents Time 

ST, *K ifT'*'" °^ ^'""^ ^^-"P'"- The dashed l^e repre- 

sents the threshold of sensitivity for the dot blot analysis 




exhibited an altered phenotype including enlarged nuclei with 
prominent nucleoli. This phenotype was common to woodchuck 
hepatocytes in the AHFs from the donor woodchuck (Fig. 5C. to 
the right of the arrows). * 

In another example, we detected both a primary HCC (Fig. 
5F) and a cholangiocarcinoma (Fig. 5H) after transplantation 
of woodchuck cells from woodchuck 4940. Woodchuck 4940 
was a chronic WHV carrier that had developed three HCCs 
and a cholangiocarcinoma (Fig. 5 E and G) in a lobe of it s liver 
that was removed before perfusion. The WHV DNA integra- 
tion pattern in the HCC from transplanted woodchuck cells 
was different from the integration patterns of the three donor 
woodchuck HCCs (Fig. 6). Therefore, either the donor liver 
contamed a small tumor that was not detected and was 
selectively amplified or an infected hepatocvte mav have 
obtamed a tumorigenic mutation during growth after trans- 
plantation leading to its malignant transformation. 

DISCUSSION 

We have developed a hepatitis B mouse model bv transplanting 
xenogenic woodchuck hepatocytes into tolerant uPA/R AG-2 
mice. Transplanted woodchuck hepatocvtes responded to the 
mouse liver environment with significant proliferation and 
replaced more than 90^ of the diseased transgenic mouse 
liver. Transplanted cells grew as microclones in several recip- 



Fig. 5. Hematcnylin/eosin staining of frozcr 
liver sections from. donor woodchucks (.4, C, E, anc 
G) and uPA/RAG-2 mice recipients {B,D,F, and ff 
after transplantation of WHV-positive woodchuck 
hepatocytes. A woodchuck liver (no. 2765) containec 
altered hepatic foci (.4, X200; C X 1,000; right side 
of arrows marks border), with large nuclei anc 
prominent nucleoli that appear similar to trans- 
planted woodchuck hepatocvtes in uPA/RAG-2 
mouse liver (B. x200; Z>, X 1.000; right side of arrow? 
marks border). (E and G) Examples of an HCC an.. 
cholangiocarcinoma, respectively, from a woodchi 
(no. 4940) chronically infected with WHV. (X2C^^. 
(F and H) Presence of an HCC (F) and a chblan- 
giocarcinoraa (//) in a uPA/RAG-3 mouse after 
transplantation of hepatocvtes from the donor wood- 
chuck shown in E and G, (:<2Q0,) 



ients from common donor sources of cells and their growth 
pattern generally restored a normal cord structure of the liver. 

The experimental system reported herein combined several 
desirable characteristics of previous animal models for stud\'- 
mg hepadnavirus infection and pathogenesis. The woodchuck 
animal model allows the study of WHV infection in a natur *. 
host setting in which complete viral clearance occurs 
relatively inaccessible genetically heterogeneous animals (26- 
28). Although transgenic HBV mice have provided important 
new information regarding viral pathobiology (6-9), they are 
tolerant to HBV-encoded antigens and do not entirely repro- 
duce the viral life cycle because CCC DNA cannot be detected! 
in the nuclei of their hepatocytes. The chimeric uPA/RAG-2 
mouse model offers a unique cfiance to study mechanisms of 
viral persistence in natural host hepatocytes in the absence of 
B and T cell-mediated immune responses. The absence of B 
and T cells provide potential opportunities for their replace* 
ment with either woodchuck or mouse immune system cep^ 
selected for specific B or T cell functions. Furthermore, thi- 
model provides the chance to study viral replication in rapidlS^ 
proliferating hepatocytes during liver repopulation and ift 
quiescent hepatocytes after completion of liver regeneration. 

Our first antiviral study used interferon a, because this is thl 
only currently approved treatment for persistent HBV infec- 
tion (5, 29, 30). Besides exhibiting various immunomodulatory 
eftects (31), interferon a induces the release of intracellul^ 
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Fig. 6. (.4 ) Southern blot anah-sis of uPA/RAG-2 mouse Ih er aenomic 
>NA with a w-oodchuck genomic DNA probe {lanes 3 and 4). WoSdchuck 
>NA IS detectable in tumors arising in uPA/RAG-2 mice (lane 3) Lane 

IS a negatKe control. Unique WHV DNA inteerations in DNA from the 
moT of lane 3 are detected with a WHV DNA probe (lane 2, with lane 

as negatKe control) that are different from WHV DNA integrations in 
onor woodchuck tumor DNA samples {B, lanes 1-3). 

nzymes such as 2',5'-oligoadenylate synthetase and double- 
tranded RNA-dependent protein kinase, which degrade viraJ 
.lessenger RNAs and inhibit viral protein synthesis (31) in vitro 
32) and in vn^o (29, 33)1 

Patients who respond to interferon ct therapy show a decrease 
1 circulating HBV DNA levels within the fiVst week (31). In 
PA/RAG-2 mice, we observed a transient reduction in WHV 
>NA in serum after 15 days of interferon ct treatment and 
nhanced WHV replication by stimulation of the glucocorticoid 
isponsrve element with dexamethasone. The immediate re- 
ound of viral replication after withdrawal of interferon a 
^ongly suggests that WHV DNA was not cleared from wood- 
huck hepatocytes and that woodchuck hepatocvtes were not 
Uminated as a result of interferon a treatment. Further studies 
aould allow us to determine whether the sole remaining WHV 
)NA during interferon a treatment is nuclear CCC DNA. The 
ffectiveness of human interferon a against WHV suggests that 
ther human and murine reagents may cross react with their 
'oodchuck homologues and will allow us to test a wide variety of 
ntiviral agents, including cytokines, for their effectiveness in 
ieanng aJl molecular species of WHV DNA. 
A major objective for hepatocarcinogenesis studies is to define 
le ceUular and molecular phenotype of precancerous hepato- 
/tes to design early diagnostic and intervention protocols. Phe- 
ovfpic comparison of nodular woodchuck hepatocytes in uPA/ 
LAG-2 mice with hepatocytes present in precancerous lesions in 
le donor woodchuck revealed an enrichment of AHF pheno- 
Tpes m transplanted uPA/RAG-2 mice. These data suggest that 
■ansplantation led either to a selection for altered hepatocvtes 
lat preexisted m the woodchuck liver or progression of initiated 
epatoc>tes from the original woodchuck liver. In either case, the 
Ssy identification of amplified precancerous lesions provides a 
)ol for studying genetic changes in those cells. 
The presence of unique WHV DNA integrations in an HCC 
om a uPA/RAG-2 mouse liver demonstrated in vivo selec- 
on and clonal expansion of woodchuck hepatocvtes, suggest- 
ig that tumor progression .may have occurred after cell 
ansplantation. Such clonal expansion of hepatocvtes should 
rovide sufficient quantities of transformed cells to investigate 
3d better understand the roles of viral ^enes and WHV DNA 
itegrations in hepadnavirus-associated hepatocarcinogenesis 
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Lack of a smalt animal model of the human hepatitis C virus (HCV) has impeded development of 
antiviral therapies against this epidemic infection. By transplanting normal human hepatocytes 
Into SCID mice carrying a plasminogen activator transgene {Afb-uPA), we generated mice with 
chimeric human fivers. Homozygosity of Alb-uPA was associated with significantly higher levels 
of human hepatocyte engraftment, and these mice developed prolonged HCV infections with 
high viral titers after inoculation with infected human serum. Initial increases in total viral load 
were up to 1950-fold, with replication confirmed by detection of negative-strand viral RNA In 
transplanted livers. HCV viral proteins were localized to human hepatocyte nodules, and Infec- 
tion was serially passaged through three generations of mice confirming both synthesis and re~ 
lease of infectious viral particles. These chimeric mice represent the first murine model suitable 
for studying the human hepatitis C virus in vivo. 



Human liver disease caused by the hepatitis C virus has emerged 
as a major challenge to the medical community, affecting an 
estimated 1 75 :4miljtic>ii, people worldwide'. Elucidation of the 
viral sequenct ifi 1^89 (ref. 2) initiated concerted study of HCV. 
Antiviral therapy with combination interferon and ribavirin is 
effective in selected patients, but many do not respond or toler> 
ate therapy poorly, underscoring a need for improvement. 
Development of effective therapeutic strategies has been signifi- 
cantly hampered by difficulties in establishing in vitro and in vivo 
rhodels oif viral replication. 

The Alb'uPA transgenic mouse, developed in 1990 to study 
neonatal bleeding diso^ders^ carries a tandem array of four 
murine urokinase genes controlled by an albumin promoter. 
This transgene targets urokinase over-production to the liver re- 
sulting in a profoundly hypofibrinogenemic state and acceler- 
ated hepatocyte death. Through random somatic mutations, 
individual hepatocytes spontaneously delete portions of the 
transgerxC array, providing a significant replicative advantage 
over surrounding cells, and resulting in repopulation of the liver 
with largely nontransgenic cells'*. This survival advantage is ex- 
tended to hepatocytes transplanted from mouse, rat^ and wood- 
chuck donors^ .and recently in hepadnavirus systems using 
immortalized' and nonimmortalized* human hepatocytes. 

Human graft survival correlates with Aib-uPA zygosity 
We crossed Alb-uPA and C.b-17/SClD/!7^ mouse lines, and 
through selective backcrosses bred the SCID trait to homozygos- 
ity. In initial experiments, homozygous SCID animals carrying 
the Alb-uPA transgene in hemizygous fashion were crossed, and 
litters were transplanted with freshly isolated human hepato- 
cytes. Human albumin, produced exclusively by human hepato- 



C5^es, was used as an indi^cator of graft function'. f ^ 

In a pilot study of '36^.transplants, strong human-albumin sig- 
nals at 4-5 weeks post- transplant were demonstrated in the -^^ 
serum of {Jg. recipients. We detected human-albumin bands at 2 
weeks post-transplant which increased in intensity over 4-6- 
week time points, indicating graft expansion (Fig. la). Blinded 
genotype analysis revealed that all strongly human- 
albumin-positfve animals carried Alb-uPA, whereas the remain- 
der did not. 

Despite initially strong human-albumin signals, some recipi- 
ents showed extinction of signal around 14 weeks, whereas a sec- 
ond subset maintained strong signals beyond SO weeks (Fig. lb). 
As these graft recipients were progeny of heterozygous crosses, 
we hypothesized this divergence was the result of ^ gositv pf f 
Alb-uPA . Transgenic and endogenous uPA were distinguishable 
by Southern -blot analysis, with the signal ratio then used to de- 
termine the zygosity of the transgene array (Fig. Ic). Genomic 
DNA analysis confirmed that animals demonstrating sustained 
human engraftment were homozygous for Alb^PA, whereas the 
subset with failing graft function was hemizygous. 

Murine livers are repopulated with human hepatocytes 

Sections from transplanted homozygote livers showed large nod- 
ules of hepatocytes arranged in typical cord-like structures (Fig. 
2a). V/ithin nodules, hepatocyte cytoplasm and nuclei appeared 
histologically normal compared with surrounding tissues where 
cells were obviously s maller, with vacuolated cytopUsm and py^^ 
knotic nuclei (Fig. 2b). We immunostained sections with a mon- 
oclonal antibody that intensely stained control human liver but 
did not cross-react with non-transplanted homozygous mouse 
liver, either within or outside of endogenously produced regen- 
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Table 1 Infection of homozygous nnice with human HCV 



Alb-uPA genotype 


n 


Initial human- 


Median graft 


HCV RNA 






albumin signal 


duration (wk) 


(RT-PCR) 


-/- 


8 


none* 


0 


0/8 


+/- 


15 


strong 


15.5 


0/15 


+/+ 


4 


strong 


30.5* 


4/4' 



Association between homozygosity of the Mj-uPA transgene and development of both sus- 
tained human chimerism and infection with human HCV. Graft duration defined as the period 
of human-aibumin detectability by immunoprecipttationAvestern-blot procedure. *, 3/8 ani- 
mals had a single weak human-albumin signal at 5-wk timepoint only. ^ P < 0.001 versus hem- 
izygotes and wild type by Kruskal-Wallis test. % P < 0.001 versus hemizygotes and wild type by 
Pearson x'test.-* 



erative nodules (Fig. 2c, d and e). This showed that the nodules 
were clearly of human origin, expanding outward into and com- 
pressing surrounding murine-derived tissues (Fig. 2f and g). 
Biliary tract and portal structures appeared to be mainly host-de- 
rived, as observed by Rhim et a/."* 

For additional confirmation of human chimerism, we isolated 
genomic DNA from livers of transplanted and nontransplanted 
mice, and we distinguished murine and human DNAs using a 
PCR-based strategy to detect Alu elements, which are short inter- 
spersed sequence elements found only in primate genomes" 
(Fig. Zh). AluSx is the most abundant subfamily and is thought to 
represent the general human Alu consensus. We confirmed the 
presence of murine genomic DNA by PCR amplification of a se- 
quence mapping to the murine c-mos proto-oncogene". As ex- 
pected, nontransplanted mouse liver DNA and mouse-tail 
biopsy DNA contained the proto-oncogene but no i4/u-repeats, 
whereas human peripheral blood contained A/u-repeats but not 
the proto-oncogene. Analysis of DNA extracted from a trans- 
planted mouse liver clearly showed both bands, establishing the 
presence of human genomic DNA within the liver. 

Establishment of HCV infection in transplanted mice 
With evidence of prolonged human engraftment, we next in- 
fected mice with serum from HCV-infected human donors. We 
transplanted non-infected human hepatocytes into 27 offspring 
from heterozygous crosses, and at 6 weeks after transplantation 
all mice were inoc ulated, ip tiav^ou^ly and/or intraperitoneally 
with a25-iDUmmaB-serux iLQbtained from 1 of 2 imre lated HCV- 
positive donors (viral genotypes la_ and 6a). We analyzed se- 
lected serum samples between 3 and 40 weeks after inoculation 
for the presence of positive-strand HCV RNA by reverse tran- 



scriptase (RT)-PCR (Table 1). 

All eight wild-type controls showed no initial graft 
function and were persistently negative for HCV RNA. 
Hemizygous animals had initially strong human-albumin 
signals, but gradually showed diminishing signal inten- 
sity to a median graft duration of 15.5 weeks; we could 
not detect positive-strand HCV RNA in any of these ani- 
mals over multiple time points. In sharp contrast, all four 
animals homozygous f or the Alb-uPA transgene demon- 
strated sustained human chimerism ( median, 30.5 wk) 
and were positive for HCV RNA as shown by RT-PCR 
analysis of serum. Quantitative HCV RNA analysis re- 
vealed that viral levels, ranging from 1.4 x 10^ to 1.4 ^x 10* 
RNA copies/ml, were well within the range of infected humanT' 
Successful infections were established with both genotypes of 
viral inoculum, and duration of infection ranged from 10 to 21 
weeks in this initial cohort. 

HCV infection is dependent on Alb-uPA homozygosity 
Whereas positive-strand HCV RNA was persistently demonstrable 
in homozygous mice, we were unable to detect it in hemizygotes. 
We hypothesized that hemizygotes fail to sup port HCV replica- 
tion a t detectable levels after diminished initial engraftment and 
earlier graft loss. We developed a protein dot-blot assay using 
chemiluminescence and phosphoimaging to more accurately 
quantify human albumin production. After transplanting 1 x lO j 
cryopreserved human hepatocytes from a single human donor 
into 21jecipients (IS^homozygotes and 6 hemizygotes), we sam- 
pled randomly selected animals for quantitative human-albumin 
analysis and/or immunohistochemical analysis. 

Whereas hemizygous and homozygous animals initially 
showed similar human-albumin signal intensities, by 5-6 weeks 
a clear divergence was apparent and by 10-12 weeks human-al- 
bumin signals in homozygous mice were more than an order of 
magnitude higher than hemizygotes (Fig. 3fl). To estimate the 
percent repiacerrierU oTmurfne liver with human tissue, random 
liver sections from recipients killed at selected time points after 
transplantation were immunostained with a monoclonal anti- 
body specific for hepatocytes. These immunohistochemical data 
confirmed the protein dot-blot findings, with human cells occur 
pying substantial portions (> 5p%^ o f cross-sectional liver area in 
homozygous mice (Fig. 3h). In distinct contrast, we examined 
multiple sections of tissue from heterozygous recipients, and 
found only minimal evidence of human engraftment (Fig. 3c). 

life P 



(J Weeks 

HA456456 MA 



/Ub-uPA 



Weeks Post-Transplant 
► 10 8— »10 8— >10 MA 




18 38 



/Ub-uPA 



+/+ 




+/- 



/Mb-uPA 




T/E 0 1.41 3.51 



Fig. 1 Detection of human albumin (HA) produced from human hepato- 
cytes in chimeric livers (samples represent individual mice), a. Western-blot 
analysis showing early HA production in wild-type (-) or transgenic (+) re- 
cipients; incremental rise in HA signal indicates graft expansion, b, Westerri- 
blot analysis shov\^ing long-term HA production in transplant recipients 
hemizygous (+/-) or homozygous (+/+) for the Alb-uPA transgene. Blot 



demonstrates diminishing signal in hemizygotes, contrasted with persisting 
signal in homozygotes. HA in leftmost lane, HA standard; MA in rightmost, 
nontransplanted mouse serum (negative control), c. Southern-blot analysis 
for determination of Alb-uPA zygosity from genomic DNA. A transgenic 
uPA:en^Q flenous riuPA (T/E) ratio of -2 is characteristic of hemizygous 
mice, whereas homozygotes have a ratio of -4. 



928 



NATURE MEDICINE • VOLUME 7 • NUMBER 8 • AUGUST 2001 




l ogetlicf, lliese studies indicate a substantia) advantage in both 
rlie magnitude and duration of human hepatocyte engraftment 
for homozygous Aih-uM recipients compared with their het- 
erozygous counterparts. 

liy transplanting into the progeny of heterozygous crosses, we 
established successful infections hi 4/2Linice, all honiozygotes. 
This success rate would make the model too cumbersoine for 
routine use. As a result of the quantitative advantage in graft size 
ascribed to homozygous mice, we shifted our breetling colony 
towards exclusive production of homozygous Alb-itPA mice, 
lising our dot-blot assay to screen early for high-level hepatocyte 



Fig. 2 Histochemical analysis of human chimerism in mouse livers, a and 
Transplanted homozygote stained with H&E. c. Human liver immunos- 
tained with monoclonal antibody against human hepalocytes. d, 
Nontransplanted. homozygote with mouse-derived regenerative nodule; 
H&E stained, e. Serial section from d immunostained as in c. f. Transplanted 
homozygote stained with H&E. g. Serial section from f immunostained with 
monoclonal antibody against human hepatocytes. Magnifications, x40 {a, 
t, and g) and x200 {b, c, d and <?). h. Genomic DNA extracted from liver o^ a 
transplanted homozygous Alb/uPA mouse and analyzed for human-specific 
AiuSx consensus sequence or murlne-specific c-mo$ proto-oncogene. AiuSx 
consensus was detected in genomic DNA from transplanted Alb/uPA 
fjtSiO murine liver (lane 1) and human peripheral blood (lane 2) but not from 
^^j>hon-iransplanled control Alb/uPA murine liver (lane 3) or murine control 
tails (lane 4). 



engraftment (humaji-albumin levels > 25()Mg/ml), approxi- 
mately 75% of HCV-inoculated animals developed persistent 
viral titers of more than 3 x UX* copies/ml, with as many as I x 
Ur copies/mi. The rest of our viral studies were therefore per- 
formed in honiozygou.s recipients. 

Long-term persistence of HCV infection 

Persistence of viral titers in humans is the result of ongoing ac- 
tive proliferation. However, in innnunoconipromised chimeric 
animals, it is possible that HCV persistence is due lo slower viral 
elimination rather than true infection and replication, l ive ho- 
mozygous graft recipients were inoculated with 25(> pi infected 
human serum (gent)type 3a^ 2.95 x HT viral UNA copies/ml}; 
each anijnal therefore received an iiMK'ulVim of 73H x Itr RNA 
copies. In 3/5 recipients, viral titers increased by 16-, 27- and 36- 
fold, respectively, over the initial Inoculum by 5 weeks after in- 
txuiation (Fig. Ml). In the remaining 2 recipients, titers increased 
modestly over 5 weeks (1.6- and 4..3-foId, respecnively) In this 
cohort of mice, detectit>n of positive-strand HCV RNA was con- 
firmed at 15 weeks after inoculation in i animal and at 1 7 weeks 
in 2 others {one early death after blood sampling). In the fifth 
mouse, productive infection with HCV was ongoing at H5 weeks 
after inoculation with viral titers of 1.67 x i(>Hopies/ml"T{i?ini- 
tial rise in titers coupled with persistently high viral levels al iiS 
weeks is consistent with viral replication, and cannot be ascril>ed 
to carryover artifact. 

A 3-log rise in viral titers after Inoculation with HCV 

Vo detect an initial rise in viral titers that might be masked by a 



Fig. 3 Mice homozygous for the Alb-uPA transgene 
support quantitatively higher levels of human hepato- 
cyte engraftment than hemizygotes. a, Venica-scaiter 
plot of quantified HA production from Individual ho- 
mozygous (•) or hemizygous (O) recipient mouse 
serum samples. Median trend lines are shown for both 
groups, b and c. Photos show representative sections 
taken from heterozygous (6) and homozygous (c) Alb- 
uPA graft recipients at 1 2 wk after transplantation im- 
munostained with anti-human hepatocyte antibodies. 
d. Rising serum HCV RNA titers over time in homozy- 
gous transgenic graft recipients after inoculation with 
HCV-infecled human serum. Each different line and 
symbol represents serial tilers from an individual graft 
recipient. 
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Fig. 4 Detection of positive- (+) and negative- (-)strand HCV RNA in liver 
sanr>ples taken fronn infected homozygous chimeric mice. Letter designa- 
tions ('A' through 'J', specified below and consistent through the figure) 
represent different RNA control samples, and number designations (1 
through 1 0, specified below and consistent through the figure) represent 
individual RNA samples isolated from the livers of 1 0 homozygous mice that 
were transplanted and then inoculated with HCV-infected human serum, a. 
Detection of (■i-)strand RNA (upper) or (-)strand RNA (lower) by ther- 
mostable rTth reverse transcriptase RNA PCR protocol with strand-specific 
primers. Lanes: A, wild-type control mouse, non transplanted, nonlnfected; 
B, heterozygous transplanted mouse inoculated with HCV; C, homozygous 
transplanted mouse not inoculated with HCV; D, infected human serum; 
standard DNA ladder; F, binding of labeled probe to target DNA sequences 
generated from (■i-)strand (upper) or (-)strand (lower) viral RNA; G, mouse 
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liver RNA (1 0 ^ig) with serum 
added RNA from an HCV- 
positrve human; H, mouse liver RNA (10 ^g) added with 1 v TO" copies ra- 
dioinert antisen se (upper) or sense (lower) riboprobe; L mouse liver RNA 
(10 pg) a'dSi'd with 1x10^ copies radio-inert sense (upper) or antisense 
(lower) riboprobe; I riboprobes hybridized with 1 0 jig mouse liver RNA, all 
subsequent stepst identical except addition of RNase. fc. Dilution-series 
analysis of selected animals using thermostable rTlh reverse transcriptase 
RNA PCR protocol, c. Detection of (+)strand HCV RNA (upper), (-)strand 
HCV RNA (middle) or {J-actln RNA (lower) by RNase protection assay. 
Fragments in lane C represent undigested riboprobe (arrowhead), with ex- 
pected lengths gi-eater than those of corresponding fragments protected by 
hybridization to their targets. Control lanes are as designated above; mouse 
1 0 was analyzed only by the RPA method. 



hij^Ucr viral in(K*iilum, we infected a sixth chimeric moii.se with 
i\ much sninller viral iiUHiilum il.AS x !()» RNA copies), and then 
followed at weekly intervals. I hi.s moii.se rapidly developed HCV 
infection, and the total serum viral load at H) weeks after infec- 
tion was measured nl \3A x 10" cr)pies, a nKKMoid increase. In 2 
subsecjuenl animals inoculated with 1 .05 x 10' copies and 1.75 x 
lO' copies, titers rose to 9.5 x M)^ ct>pies/ml, at 10 weeks and 3.42 
X 10" copies/mL, respectively, at 5 weeks |>ost7inoculation; ri.ses 
of 905-fold and l954kfokl, which confirm the initial IfKweek re- 
sult. A nonpnxluctive interaction could not reasonably sustain a 
3-log increa.se in viral load, stronj^ly supporting the (xrurrence 
of viral replication. 




ft: 



Negative-strand viral RNA in recipient livers 

I ICV is a positive-strand RNA virus replicating^ I h rough a nej>ative- 
strnnd intermediate; detection ()f negative-strand HCV RNA 
within the liver constitutes proof of replication. I his replicative 
intermediate is believed to exist at levels 10-100 times lower than 
its jKxsitive-strand tempJate'' and hence its detection can be 
more difficult. 

Nine homozygous f^raft recipients inoculated with 5 ^ |0 
copies of viral. RNA from freshly obtained human serum showed 
positive-strand HCV RNA at ^-4 weeks post-inoculation <l'ii'. 4if. 
upper). .Samples of liver ti.ssue were obtained by 50% pa rtial he- 
patectomy at 2-5 weeks post-i noculation in 7 mii^ ,1^^ 12-13 
weeks in the remaining 2 mice. Analysis for negative-strand HCV 
RNA was performed in blinded fashion by an independent labo- 
ratory (A.R.) using a thermostable rTth RT-RNA PCR (r l'th PCR) 
protocol and strand-specific primers (l-ig. 4n. lower panel). In 5/9 
samples analyzed, negative-strand RNA was detected; the 2 sam- 
ples taken at 12-13 weeks piist-inoculation did not show nega- 
tive-strand RNA. To reduce the risk of false-positive residts*', we 
performed two additional sets of confirmatory experiments. 

Using rTth PCR, we performed a dilution series on three ani- 
mals to confirm dilutability of the negative-strand signal (l-ig. 
4/>). Pf)sitive-strand signal was detectable over 3-log dilutions in 
2/3 animals as well as control human .serum. As expected, no 
negative-strand signal was detectetl in human serum. In 2/3 
mice, the negative-.strand signal was clearly detectable after 10- 
fold dilution. In the third mouse, we did not detect the negative- 
strand; the diminished ix>sitive-strand signal for this animal 



Fig. 5 Immunohistochemical detection of HCV proteins within human he- 
patocytes In transplanted homo2ygous Alb-uPA mice, a and b. Serial sec- 
tions of HCV-tnfected human liver stained for HCV with monoclonal 
antibody against NS3/NS4 (TORD|l-21 ) Cn) or by an unrelated isotype-spe- 
cific monoclonal antibody against melanoma (HMB-45) (6). cand d. Serial 
sections from non-infected human liver stained with TORD|l-21 (c) or HMB- 
45 (d). e and f. Serial sections from a transplanted homozygous mouse in- 
fected with HCV, stained with antibody against human hepatocytes ((?)dnd 
HCV-specific antibody (TORD|l-21 ) (0- Arrows indicate coarse granules spe- 
cific for HCV infection, g and h. Serial sections from a control noninfected 
homozygous mouse transplanted with human hepatocytes and stained 
with anti-human hepalocyte antibody (g) or TORDfl 21 (h). 
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indicates comparatively less RNA was loaded onto these lanes of 
the gel. Lack of additional sample material prevented repeat 
analysis by this method; however, we subsequently confirmed 
the presence of the negative-strand using the RNase protection 
method. 

In a further confirmatory experiment, we assayed six animals 
previously tested by the above PGR method (plus one additional 
animal) for negative-strand RNA using an RNase protection assay 
developed in our laboratory (Fig. 4c). Results from this system 
were concordant with the previous PGR findings in 5/6 mice, 
confirming presence of negative-strand RNA in 3/4 mice and ab- 
sence in the remaining 2 mice, which initially tested negative by 
rTth PGR* We were unable to confirm presence of the negative- 
strand in one mouse; this variance might be attributable to the 
less sensitive nature of the RNase-protection assay. 

These separate and independently performed assays clearly 
demonstrate presence of negative-strand HCV RNA within 
chimeric livers sampled at 2-5 weeks post-inoculation. Our pre- 
vious experiments with sequential weekly analysis by quantita- 
tive RT-PGR demonstrated a rapid rise in HGV. serum titer at 
weeks 2-4 after inoculation, corresponding to maximal rates of 
viral replication within the liver. We would expect this to be par- 
alleled by maximal amounts of negative-strand viraJ RNA. After 
this period of rapid replication, viral levels stabilize, indicating 
that although ongoing replication clearly occurs, the rate dimin- 
ishes to equal that of viral loss. This might explain why negative- 
strand RNA is detectable earlier in infections (5/6 animals 
sampled at 2-5 wk) rather than later (0/2 sampled at 12-13 wk). 
Together, these data conclusively support active viral replication 
in this mouse model. 

HCV infection can be serially passaged 

We intraperitoneally injected fresh serum from a human donor 
(250 jil; 4.75 x 10* viral RNA copies) into a naive chimeric 
mouse; at four weeks after inoculation, viral titers were 1.76 x 
10* copies/ml. Serum taken from this mouse (125 -2.19 x 
10* RNA copies) was injected intraperitoneally into a second 
naive chimeric mouse, which developed titers of 1.75 x 10* 
copies/ml at four weeks after inoculation. Serum from this first- 
passage recipient was then injected (100 nl; -1.75 x 10^ RNA 
copies) into a third naive chimeric mouse. At five weeks after 
inoculation, this second-passage recipient had viral titers of 
3.42 x 10* copies/ml. Serum from this second-passage recipient 
(20 jaI) was injected into two additional naive mice (third-pas- 
sage recipients), both of whom subsequently developed HGV 
infections with viral titers of 1.6 x 10* and 4.5 x 10' at 9 and 11 
weeks post-inoculation, respectively. If one assumes the null 
hypothesis that replication does not occur but rather the initial 
human inoculum persists, these third-passage recipients would 
have received approximately 120 copies of virus from the ini- 
tial inoculum (4.75 x 10* viral copies x 1:8 dilution x 1:10 dilu- 
tion X 1:50 dilution, assuming mouse serum volume -1000 p.1). 
At 27 weeks after the initial inoculation from human to mouse, 
these third-passage recipients had up to 37,500-fold more mea- 
sured viral RNA than would have been received from the origi- 
nal human inoculum. We have replicated this experiment 
through two passages in two other series of mice, and through 
a single passage in a third leading to amplification of viral RNA 
from 90- to 10S7-foId over the initial human inoculum. This 
transmission from human — > mouse -> mouse mouse -> 
mouse represents both replication of the HGV genome and 
production of fully infectious particles. 



HCV infects human hepatocytes In transplant recipients 

To colocalize HGV infection in human hepatocytes within the 
livers of chimeric mice, we immunostained sections of liver 
taken from homozygous transplanted mice with productive 
HCV infections with a monoclonal antibody against the 
NS3/NS4 portion of the viral polyprptein. Control sections of in- 
fected human liver showed staining localized to hepatocytes, 
with sparing of both portal triad structures and areas of bridging 
fibrosis (Fig. Sa). Using the rigorous immunohistochemica] crite- 
ria defined by Brody et a/.'*, infected cells are characterized by 
coarse intracytoplasmic granules (Fig. 5a, arrows); the diffuse 
fine granular cytoplasmic staining seen in sections is considered 
nonspecific. An unrelated isotype-specific control antibody pro- 
duced no staining within hepatocytes, and sections taken from a 
noninfected human liver showed no staining with either anti- 
body (Fig. Sb-d). Serial sections taken from the liver of a trans- 
planted mouse with a productive HGV infection clearly show 
characteristi c coarse c ytoplasmic granules localized within nod- 
ules of human hepatocytes, with slightly diminished intensity 
compared with human controls (Fig. Se and f). We detected HGV 
antigens only in human hepatocytes, with no staining in the 
surrounding hepatCKytes of murine origin. Although human 
cells are clearly present in transplanted homozygous mice not 
infected with HGV, HGV antigens are not present (Fig. 5^ and h). 
This immunohistochemical data provides convincing evidence 
that HGV infects human hepatocyte nodules within chimeric 
livers of transplanted Alh-uPA mice. 

Discussion 

These experiments establish that homozygous SClDlAlb uPA 
mice with chimeric human livers can be infected de novo with 
HCV-positive human serum; they support HGV replication 
within the human portion of their livers at clinically relevant 
titers; and they show the capacity to transmit this infection to 
other chimeric mice. Successful infections were established with 
viral genotypes la, lb, 3a and 6a, with rapid increases in viral 
RNA titers to levels easily detected by standard commercial as- 
says. We successfully established infections in chimeric mice 3-8 
weeks after transplantation, and did most of our inoculations be- 
tween 4-6 weeks post-transplant, subject to the availability of in- 
fected human serum. 

Homozygosity of Alb-uPA is critical to successful establish- 
ment of viral infection, and by using homozygotes as recipients, 
coupled with early screening of graft function by dot-blot analy- 
sis, HGV infections are routinely established in approximately 
75% of all inoculated mice. Earlier reports suggested prohibi- 
tively high perinatal mortality rates associated with homozygo- 
sity of the l^lb-uvA transgene. Since inception of our homozy- 
gous Alb-uPA colony, we have experienced a perinatal mortality 
rate of 32.6%, which is slowly decreasing with improvementsln 
breeding stock. Using 8 breeding females and 4 breeding males 
provides ample potential recipient mice available at the ideal re- 
cipient age of 5-14 days at any one time. 

The transplantation procedure requires basic microsurgical 
equipment and technical skills and takes 5-6 minutes per ani- 
mal. While access to human hepatocytes might be limiting for 
some investigators, the yields from hepatocyte isolations in our 
laboratory average 2-3 x 10' viable human cells, similar to that 
of others*' ". Given the 9-10 day window optimal for transplan- 
tation and modest collaboration between investigators and he- 
patobiliary surgeons to use surplus tissue, fresh hepatocytes can 
almost always be available for transplantation — ^we have almost 
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no unused mice in our colony. The ability to cryopreserve sur- 
plus cells might allow for transportation to centers without 
human tissue access, although our experience with cryopre- 
served cells is considerably more limited; we have had success in 
both establishing long-term grafts (albeit at a lower overall suc- 
cess rate) and producing HCV infections within these animals. 

This model should allow investigators to begin directly explor- 
ing in vivo strategies for inhibiting viral replication or preventing 
infection by passive immunity, and it should significantly ad- 
vance the search for new antiviral therapies and vaccine devel- 
opment for hepatitis C. 

Methods 

Development of SClD/Alb-uPA strain. Animals were housed VAF, follow- 
ing Canadian Council on Animal Care (1 993) guidelines. Experimental ap- 
proval came from the University of All^erta Animal Welfare Committee. 
Hemizygous Alb-uPA mice (strain TgN(A/b/Ptou)144Bri, {ackson. Bar 
Harbor, Maine) were crossed with homozygous SClD/bg mice (strain C.b- 
1 7/CbmsTac-SCID/bgN7, Taconic Farms, Cermantown, New York). Alb- 
uPA was amplified from genomic DNA by PCR (Jackson). Homozygosity of 
the SCID trait vyas confirmed by quantification of total semm IgC using a 
sandwich ELISA. 

Isolation of human hepatocytes. Ethical approval was obtained from the 
University of Alberta Faculty of Medicine Research Ethics Board and in- 
formed consent from all hepatocyte donors. Segments of human liver tissue 
(15-20 cm') were obtained from resection specimens normally discarded; 
most operations were performed for intrahepatic malignancies. After rapid 
cooling, hepatocytes were isolated and purified by collagenase-based per- 
fusion"", using 0.38 mg/ml Liberase CI (Boeringer) in perfusate, and 
stored short-term in O^C Belzer-UW solution (DuPont, Wilmington, 
Delaware). Cell counts (hemocytometer) and viability (T rypan blue) were 
confirmed before use; viability was routinely > 80%. 

Cryopreservation and thawing of human hepatocytes. Isolated hepato- 
cytes were suspended (1 x 1 0' hepatocytes/ml) in cryopreservation tubes in 
4 *C freeze/thaw media (50 ml FCS, 2.5 ml Pen/Strep, 447.5 ml Ml 99 
media). On ice, 2M DMSO was added in aliquots of 0.5 ml, 2 ml and 4 ml 
at 0, 5 and 30 min, respectively. At 45 min, tubes were transferred to a pro- 
grammabie ethanol freezing bath pre-set at -7.4 "C, 'nucleated' with a liq- 
uid-N2-<ooled semiconducting rod, cooled at 1 *C/min to -40 "C, and 
stored indefinitely in liquid N^. Cells were rapidly reheated to 0 "C in a 37 "C 
water bath and spun, and supernatant was disciarded. On ice, 1 rnl of 
0.75M sucrose wa s added at 0 min. Freeze/thaw media was serially added 
(1,1,2 and 4 ml at 30, 35, 40 and 45 min). At 50 min, the supernatant was 
separated, and cells were resuspended in Belzer- yW solu tion (Dupont) at 0 
•C. 

Transplantation of human hepatocytes. Recipients (5-14-day-old) were 
anesthetized with halothane/Oz, and through a small left-flank incision, 1 x 
10* viable hepatocytes were injected into the inferior splenic pole; a single 
titaniurh clip was placed across the injection site for hemostasis, and the in- 
cisbn was closed. 

Detection of human albumin in mouse serum by Immunoprecipitation 
and western-blot analysis. Mouse serum (20jil) was incubated with mon- 
oclonal antibody against human albumin (Clone HSA-9; Sigma) and com- 
plexes collected with protein C-agarose beads (Boehringer). Under 
reducing conditions, immunoprecipitates were separated by SDS-PACE 
and transferred to nitrocellulose. Western blots were prepared using a bi- 
otinylated monoclonal antibody against human albumin (Clone HSA-11, 
Sigma), with a streptavidin-HRP conjugate and chemiluminescent substrate 
(Pierce, Rockford, Illinois) for detection. 

Determination of zygosity of the Alb-uPA transgene. Mouse DNA (3 p.g) 
was digested with Pvull, size fractionated on 0.7% agarose gel, transferred 
to Hybond-N+ membrane (Amersham), and hybridized to a "P-labeled 
probe from the final intron of the uPA gene (positions 731 2-7920, CenBank 



accession #M1 7922). A 2.8B-kb band was derived from uPA transgenes (T) 
and a 2.53-kb band from endogenous uPA genes (E); hybridization was 
quantified with a Fuji phosphoimager and Image Gauge Software (Fujifilm, 
Stamford, Connecticuit). 

I mmuno histochemistry. Mouse liver biopsies fixed in 1 0% formalin were 
paraffin embedded. Sections (5 jim) were H&E stained in standard fashion. 
To detect human hepatocytes, sections pre-treated with an avidin/biotin 
blocking kit (Zymed Laboratories, San Francisco, California) were immuno- 
stained with a monoclonal antibody against human hepatocyte (Clone 
OCH1 E5, 1 :20 dilution; DAKO, Carpinteria, California), with bound anti- 
body detected by Super Sensitive Immunodetection System (BioCenex, San 
Francisco, California). For HCV proteins, sections were immunoslained with 
monoclonal antibody against NS3/NS4 (TORDJI-22; Biogenex)'*; isotype- 
specific unrelated monoclonal antibody against human melanoma (Clone 
HMB 45; Enzo Diagnostics, Farmingdale, New York) was used as a control. 

Protein dot-blot assay for quantification of human-albumin produc- 
tion. Samples of mouse serum (2 incubated for 5 min at 1 00 *C in 40 pi 
reducing buffer were triplicate blotted onto nitrocellulose. Dried mem- 
branes were soaked in transfer buffer, blocked with 3% PBS-Tween, and 
prepared as western blots. Chemiluminescence was quantified (STORM 
phosphoimager) from standard curves on each blot. 

Detection of human DNA within transplanted mouse liver. Genomic 
DNA was isolated by phenol-chloroform, and Alu repeats amplified by PCR 
using Alu 5x-specific primers Rl 6A/6 (5'-CGCCCCCTGCCTCACC-30 and 
L23A/266 (5'- 1 1 1 1 1 1 GAGACCCACTCTCGCTC-3')". Human peripheral 
blood served as a positive control and Alb/uPA tails and non-transplanted 
Alb/uPA liver as negative controls. Murine genomic DNA was detected by 
amplifying a sequence from the murine c-mos proto-oncogene, using MUS- 
MOS A (5'-GAATTCACATTTGTCCATACACACTCACT-3') and MUSMOS B 
(5'-AACATTTTTCGGGAATAAAACTTGAGT-3'). 

Quantitathfe analysis of positive-strand HCV RNA in mouse serum. 
Blinded analysis was performed by the Alberta Provincial Laboratory of 
Public Health (Edmonton, Canada), or the Canadian Center for Disease 
Control (NA^nnipeg, Canada), using the Cobas Amplicor HCV Monitor sys- 
tem (Roche Diagnostics, Laval, Canada). 

Detection of negative-strand HCV RNA by rTth PCR. Total RNA was iso- 
lated from mouse liver biopsies or infected human serum using TRIZOL 
(GIBCO/BRL, Burlington, Canada). RT-PCR was performed usir>g a ther- 
mostable rTth reverse transcriptase RNA PCR kit (Perkin-Elmer, Nonvalk, 
Connecticut). Positive-strand RNA was delected with an antisense (5'- 
CTCGCAACCCCCTATCAGG-3') primer and negative-strand with a sense 
(5'-GAAAGCGTCTAGCCATGGCGT-3') primer for reverse transcription". 
Strand-specific cDNA was amplified by adding the other primer to target a 
240-bp region of the 5' non-coding region, using 35 cycles at 95 •C for 30 
s, 66 °C for 45 s and 70 "C for 90 s, followed by 70 ''C for 5 min. Reaction 
products were loaded onto a 2% agarose gel, transferred to Hybond-N+ 
nylon membrane (Amersham) and hybridized with an a-"P-labeled DNA 
probe for HCV 5' non-coding region at 42 "^C overnight. 

Detection of negative-strand HCV RNA by RNase protection assay. Total 
RNA was isolated from mouse liver using Trizol Reagent (GIBCO/BRL) and 
from HCV-infected human serum using QIAamp Viral RNA Mini Kit (Qiagen, 
Valencia, California). Extracted RNA was probed with '^P-labeled, gel-puri- 
fied antisense riboprobe (detection of positive strand), sense riboprobe (de- 
tection of negative strand) and/or p-actin antisense riboprobe. Details of 
plasmid synthesis and riboprobe construction are available (Methods, Web 
Supplement). Denatured RNA samples were hybridized overnight at 42 *C, 
and RNase digestion was performed using an RNase protection assay kit 
(Ambion RPA 111 Kit, Austin, Texas). Products were resolved on a 5% PAGE 
containing 8 M urea and exposed to Kodak X-Omat AR film (Kodak, 
Vancouver, Canada). 

Note: Supplementary information is available on the Nature Medicine website 
(http://medicine.nature.com/supplementarYJnfo/). 
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